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ABSTRACT 
 Nanoscale structures play a fundamental role in diverse scientific areas, 
including biology and information technology. It is necessary to develop methods 
that can observe nanoscale structures and dynamic processes that involve them. 
Colloidal plasmonic nanoparticles (plasmonic “atoms”) and their clusters 
(plasmonic “molecules”) are nanoscale objects with remarkable optical properties 
that provide new opportunities for sensing and imaging on the relevant length and 
time scales.  
Many biology questions require optically monitoring of the dynamic 
behavior of biological systems on single molecule level. In contrast to the 
commonly used fluorescent probes which have the problem of bleaching, blinking 
and relatively weak signals, plasmonic probes display superb brightness, 
persistency and photostability, thus enable long observation time and high 
temporal and spacial resolutions.  When plasmonic atoms are clustered together, 
their resonances redshift while the intensities increase as a result of plasmon 
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coupling. These optical responses are dependent on the interparticle gaps and the 
overall geometry, which makes plasmonic molecules capable of detecting 
biomolecule clustering and measuring nanometer scale distance fluctuations. In 
this dissertation, individual plasmonic atoms are firstly evaluated as imaging probe 
and their interactions with lipid membrane are tested on a newly developed on-
chip black lipid membrane system. Subsequently, plasmonic dimers (plasmon 
rulers) prepared through DNA-programmed self-assembly are monitored to detect 
the mechanical properties of single biopolymers. Measurement of the spring 
constant of short (tens of nucleotides or base pairs) DNAs is demonstrated 
through plasmon coupling microscopy. 
Colloidal plasmonic atoms of various materials, sizes and shapes scatter 
vivid colors in the full-visible range. Assembling them into plasmonic molecules 
provides additional degrees of freedom for color manipulation. More importantly, 
the electric field in the gaps of plasmonic molecules can be enhanced by several 
orders of magnitude, which is highly desirable in single molecule sensing 
applications. In this dissertation, the fundamentals of plasmonic coupling are 
investigated through one-dimensional gold nanosphere chains. Using the directed 
self-assembly approach, multichromatic color-switchable plasmonic nanopixels 
composed of plasmonic atoms and molecules of various materials, sizes, shapes 
and geometries are integrated in one image with nanometer precision, which 
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facilitates the encoding of complex spectral features with high relevance in 
security tagging and high density optical data storage.  
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Chapter 1 INTRODUCTION 
Photonics and optics are rapidly growing research areas widely used in bioimaging, 
sensing, energy and biomedical applications. As a frontier in photonics, 
plasmonics is attracting great attention from researchers. Plasmonics has led to 
many revolutionary technology and scientific discoveries in the last two decades. 
Plasmonics is the study of the interaction between electromagnetic field and free 
electrons in a metal. At the interface between a noble metal and a dielectric 
medium, a surface plasmon resonance (SPR) can be generated if the energy and 
momentum of an incident photon matches that of a propagating surface electron 
density oscillation. A surface plasmon resonance confined in a nanometer size 
particle (NP) is called localized surface plasmon resonance (LSPR). The refractive 
index sensitivity of SPRs of gold films is frequently used for detecting and 
quantifying molecule absorption through shifts in the resonance condition caused 
by the refractive index changes.1, 2 LSPRs offer complementary optical properties, 
which lead to much broader applications of plasmonic nanostructured materials.3 
These optical properties and applications will be introduced in details in section 
1.3. 
Plasmonic nanoparticles (plasmonic “atoms”) are usually synthesized through wet 
chemical reactions that result in bulk colloidal solution with high yield and 
uniform shape and size.4-6 Due to recent advancements in nanofabrication 
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techniques, nanostructures can also be generated on a substrate through top-down 
fabrication processes such as e-beam lithography (EBL), metal deposition or 
focused ion beam (FIB) milling. Although these fabrication approaches enable 
complex and precise patterning of nanostructures, the end products are usually 
two dimensional on a substrate, which makes them particularly useful for chip-
based sensing,7, 8 imaging and electro-optic devices.9, 10 The evaporated metal 
structures are polycrystalline, while the colloidal synthesis generates 
monocrystalline nanoparticles with far less losses and, thus, superior optical 
properties.  
The most fascinating properties of plasmonic materials are the near- and far-field 
responses achieved through plasmon coupling in assemblies of plasmonic atoms.11 
The integration of plasmonic atoms into plasmonic molecules provides new 
possibilities for various applications.  
The rapid advancement in plasmonics research affects all aspects of the discipline, 
including plasmonic atom synthesis, functionalization, assembly, and applications. 
This chapter starts with an introduction of colloidal plasmonic nanoparticle 
(plasmonic atoms) fundamentals including the plasmon resonance mechanism, 
the associated optical properties, and the choice of metals and shapes of plasmonic 
atoms. The plasmon coupling effect and the assembling strategies of plasmonic 
molecules are subsequently discussed.  The introduction chapter finishes with a 
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general overview of the applications of plasmonic atoms based on their optical 
properties. 
1.1 Plasmonic Atoms  
Plasmonic atoms refer to noble metal nanoparticles (NPs) of various materials 
(commonly gold or silver), shapes and sizes. For centuries, gold and silver 
nanoparticles have been added to stained glass to give it red or yellow color, 
respectively. The use of plasmonic atoms can be traced back to the 4th century C.E. 
when the famous Lycurgus Cup was made.12 Tremendous efforts have been made 
in both theoretical and experimental work to understand and make use of the 
plasmonic atoms. 
Plasmonic atoms confine plasmon oscillations to a tiny volume and, thus, allow 
the manipulation of light on deeply sub-diffraction length scales. Due to their 
miniaturized sizes, nanoparticles with sizes below ~50nm can be represented, in a 
first approximation, by dipole antennas13, 14 and the electromagnetic field 
throughout the particle volume can be considered to be constant. Under the 
quasistatic approximation of a dipolar, the polarizability α of a nanosphere with 
radius R can be calculated with the Clausius-Mossotti relation:15 
       
       
        
  1.1 
ε and εm are the dielectric constant of the metal and the surrounding medium 
where ε0 is the permittivity of vacuum. Plasmon resonance occurs when ε(ω)= 
4 
 
 
ε1(ω)+ iε2(ω)=-2εm. Considering that εm is positive for all natural materials, the real 
part of the dielectric function needs to be negative to satisfy the resonance 
condition. Metals such as gold, silver and copper, whose dielectric function is 
negative in the visible range, meet this criterion. 
 
Figure 1.1 Cross-sections of Au and Ag. Computed scattering (blue) and absorption (red) 
cross-sections for a) Au and b) Ag nanoparticles in vacuum as functions of particle radius a. 
Reprinted with permission from ref. 16. © 2008 Society of Photo Optical Instrumentation 
Engineers 
The LSPR can decay through radiative or nonradiative processes, which 
correspond to photon scattering or absorption by the nanoparticles, respectively. 
The simulation results in Figure 1.1 show the strong dependence of nanoparticle 
absorption and scattering cross-sections on particle size. Generally speaking, 
photon absorption dominates in smaller plasmonic particles, while scattering plays 
a dominating role for larger particle sizes.  To design nanoparticles for a specific 
application, the plasmonic atom size needs to be chosen to optimize absorption or 
scattering.17 For example, small nanoparticles are usually used in photo-thermal 
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therapy applications where cancer cells are ablated by the heat generated through 
photon absorption. On the other hand, in bioimaging applications, the probes 
have to be relatively large in order to scatter enough light to obtain good signal to 
noise ratio. For spherical plasmonic atoms, the cut-off size is roughly 40nm in 
diameter for gold nanospheres and 20nm for silver spheres. The scattering signals 
from particle of smaller sizes than these limits will be hardly detectable in a typical 
darkfield microscope.  
The existing applications of plasmonic atoms are mainly investigated using gold or 
silver nanoparticles. Gold plasmonic atoms have been widely used in a large 
number of different applications due to their easy synthesis, high monodispersity, 
inert chemical nature as well as outstanding plasmonic properties.18 In biomedical 
applications19-21 such as drug delivery, in vivo bioimaging and cancer treatment, 
chemical stability and material toxicity are crucial factors. Thus, the choice of 
plasmonic metal material is mostly limited to gold.22  
The comparison in Figure 1.1 shows that silver has a significantly larger scattering 
efficiency than gold. But the applications with silver plasmonic atoms are 
somewhat limited by its low stability and high reactivity: i) it is easily oxidized in 
air; ii) the thiol-metal bonds commonly used to functionalize plasmonic materials 
are less stable for silver compared with gold; iii) silver nanoparticles are much 
harder to synthesize with high size and shape monodispersity and age quickly. 
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Despite these facts, which are not in favor of silver plasmonic atoms, silver 
plasmonic materials are still widely used for applications where high scattering 
efficiency and low damping is needed.23  Silver plasmonic atoms are also favored in 
sensing24  and energy harvesting25 applications where the toxicity of material and 
the monodispersity of material are less crucial.  
The metals aluminum and copper have recently attracted a lot of interest due to 
their abundance and low cost. Although copper has high interband losses over 
most of the visible spectrum, it has the second-best conductivity (following silver), 
thus is also expected to exhibit promising plasmonic properties. The advantage of 
aluminum is that it has an extremely high plasma frequency. Aluminum is a better 
plasmonic material than silver or gold in the UV and blue spectral range, which 
makes it quite unique for certain applications.26, 27 But similar to silver, both 
aluminum and copper nanoparticles suffer from chemical instability,28 and require 
extra effort to stabilize the material.29 However, in case of aluminum the surface 
oxidation has self-passivating property. 
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Figure 1.2 Calculated Spectra of Ag Nanoparticles of Different Shapes. Extinction (black), 
absorption (red) and scattering (blue) spectra of Ag a) sphere, b) cube, c) tetrahedron, d) 
octahedron, e) triangular plate and f) rectangular bars with aspect ratios of 2 (black), 3 (red) 
and 4 (blue). Reprinted with permission from ref. 32. © 2009 Annual Reviews. 
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The resonance frequencies of plasmonic atoms are largely determined by 
composition, shape, size and the surrounding medium. By varying these 
parameters, countless plasmonic atoms have been synthesized.11 30 31 As discussed 
above, despite the attempts to develop plasmonic materials with cheaper metals, 
gold and silver have predominately been the composition of choice for plasmonic 
applications in optical frequencies. For a specific type of metal, either gold or 
silver, the shape and size are the dominating factors on the resonance frequencies 
of the plasmonic atoms (Figure 1.2). The overall trends of the plasmon resonance 
are: i) resonance peak redshifts with increasing particle size; ii) the resonance 
frequency redshifts with increasing anisotropy (Figure 1.2a, e, f); iii) the resonance 
intensity increases with increasing particle size; and iv) the resonance frequency 
redshifts with increasing corner sharpness (Figure 1.2a, b).  
Advancements in colloidal chemistry synthesis30, 33 have increased the variety of 
available plasmonic atoms. Figure 1.3 lists a periodic table of plasmonic atoms of 
various shapes that have been developed by researchers in recent years. From one 
dimensional shapes (bars, belts, wires), two dimensional shapes (prisms, discs, 
polygon), to complex structures (stars, flakes, trees) and hollow nanostructures, 
the variability is large. The most important next step is for researchers to explore 
the full potential of these plasmonic atoms in real world applications.   
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Figure 1.3 Periodic Table of Plasmonic Atoms. Reprinted with permission from ref. 11. © 2011 
Nature Publishing Group. 
1.2 Plasmonic Molecules  
We all know that molecules are constructed with atoms through chemical bonds 
and possess distinct chemical properties. The bonds are formed on the basis of 
sharing or exchanging electrons. The connection between these quantum 
mechanical systems and “plasmonic atoms” and “plasmonic molecules” is intuitive. 
Plasmonic molecules are the assemblies of two or more plasmonic atoms of the 
same or different kind. Although the optical properties of individual plasmonic 
atoms are already impressive, assembling them into plasmonic molecules or larger 
assemblies can further enhance these properties or create entirely new 
properties.34-41  
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One fascinating property of plasmonic molecules is the plasmon coupling between 
plasmonic atoms within one plasmonic molecule. When plasmonic atoms 
approach each other, their resonance spectra redshift while the intensity increase. 
The electric fields in the interparticle gaps can be boosted by several orders of 
magnitude, which far-exceeds the field enhancement for single plasmonic atoms. 
These property changes can be well described with the recently developed 
plasmon hybridization theory.10, 42 The optical response of dimers, trimers and 
quadrumers can be explained with a plasmon hybridization model.40, 43, 44  It is 
worth noting here that the classical model of plasmonics tends to fail at 
interparticle gaps of 1nm and below. Quantum tunneling of the plasmonic electron 
gases between particles are observed,45 46 which is beyond the scope of this 
dissertation. 
A dimer of two identical nanospheres, which is the simplest plasmonic molecule, 
has been extensively studied and can be theoretically described through different 
models.47-51 The plasmon resonance redshift become obvious and easily observable 
when the two nanoparticles approach each other within one diameter’s length. 
The universal scaling law47  is a widely accepted empirical formula that is used to 
anticipate the relationship between spectral shift Δλ and the interparticle 
separation s:  
  
  
       
   
    1.2 
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where D and    are the diameter and resonance peak of individual nanospheres. 
The exact near- and far-field properties of plasmonic molecules depend not only 
on the interparticle separation,47, 52-57 but also on their size and geometry.35, 58, 59 
The universal scaling prediction works well on dimers with separations above a 
few nanometers, but fails at very small gaps. A recent advancement in numerical 
simulation has revealed other formulas to predict the plasmon resonance shift.60  
The redshift of dimer resonance peak exaggerates with decreasing separation. The 
interparticle distance fluctuation between tens of nanometers and a few 
nanometers can be monitored by the color shifts of dimer resonance peak. Based 
on this optical property, the dimer molecules are commonly referred to as 
Plasmon Rulers (PRs).53, 54, 61-63  PRs offer unique opportunities for measuring 
nanometer distances on longer length and time scales than what can be achieved 
by organic dye molecular rulers based on conventional approaches such as 
Fluorescence Resonance Energy Transfer (FRET).64 
The typical strategy to assemble plasmonic molecules is to link particles through 
linker polymers. DNA molecules have superior structural versatility and sequence 
recognition properties, which enable the assembly variety of plasmonic molecules. 
DNA molecules, especially double stranded DNAs (dsDNAs) are very rigid 
molecules,65 which enables rational engineering of interparticle distances within 
plasmonic molecules. Utilizing the sequence recognition between pairing DNA 
strands, plasmonic atoms functionalized by thiol-DNA of complementary 
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sequences can be assembled in bulk solution. Figure 1.4 provides a schematic 
overview of the plasmonic molecules that were successfully assembled in the 
recent decade.11 Benefiting from advancements in colloidal nanoparticle synthesis 
and ligand exchange studies, plasmonic molecules of a variety of geometries have 
been produced. 66, 67  
 
Figure 1.4 Plasmonic Molecules Assembled by DNA. Reprinted with permission from ref. 11, 
© 2011 Nature Publishing Group. 
The geometric variety of DNA-assisted plasmonic molecules assemblies are 
increased through the selective functionalization of anisotropic plasmonic atoms. 
Take a gold nanorod as an example, the ligand (CTAB) distribution on the surface 
of the anisotropic particle is in fact uneven with the coverage being dense on the 
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sidewalls and dilute at the tips. When the CTAB passivated rods are incubated 
with thiol-DNA molecules, these molecules will preferentially bind to the tips 
where the relative binding affinity is higher, which causes enrichment of the DNA 
linker at the tips of  the nanorod.68 By mixing these rods with nanospheres 
functionalized with complementary DNA strands, one dimensional plasmonic 
polymer shown in Figure 1.4 can be obtained.  
Owing to the rapid development in DNA engineering, plasmonic crystals are 
successfully assembled. The 2D crystals are assembled based on DNA origami as 
well as substrate assisted approaches.69-71 Mirkin et al. has systematically 
investigated the DNA induced assembly of plasmonic nanoparticle crystals.72 66 
1.3 The Applications of Colloidal Plasmonic Materials 
Plasmonic materials have many remarkable optical properties to offer: superior 
photostability and brightness, easy spectral tunability, photo-thermo effect, 
plasmon coupling effect, E-field enhancement and so on. With the advancements 
in the fields of material synthesis, classification, surface functionalization, 
electromagnetic simulation and nano-fabrication, plasmonics materials are proved 
to be valuable to a wide range of applications including bioimaging, biomedical 
diagnostics and treatments, solar energy harvesting, sensing, color engineering 
and nanoscale photonic devices. In this section, the outstanding plasmonic 
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material optical properties and applications are discussed in detail within the 
scope of photonics. 
1.3.1 Photostability and Brightness 
Due to their large scattering cross-sections and extreme photophysical stability,73-
75 plasmonic atoms with diameters larger than 20nm can be easily detected in a 
conventional darkfield microscope, which makes them superb probes for optical 
imaging and particle tracking. Unlike fluorescent probes, plasmonic atoms do not 
blink or bleach. The size and shape of gold nanoparticles can be well controlled 
using established synthesis procedures.5, 76, 77 The scattering intensity of a 60nm 
gold particle is 105 times stronger than the fluorescence signal of a fluorescein 
molecule.73  Plasmonic atoms and molecules, when used as imaging probes, can be 
imaged and tracked in microscope systems with kilohertz temporal resolution on 
unlimited timescales.78 Furthermore, plasmonic atoms can be conveniently 
functionalized with thiolated polymers (R-SH) of different charges, stiffness, and 
lengths through formation of Metal-S-R bonds. The intrinsically small plasmonic 
atoms are on the same length scale with biomolecules such as antibodies and 
nucleic acids. For these stated reasons, plasmonic materials are widely used as 
bioimaging probes and biomarkers for in vitro studies.  
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1.3.2 The Resonance Tunability based on Materials, Size and Shape 
Color engineering takes advantage of the easy resonance tunability of plasmonic 
materials based on material, size and shape. Plasmonic atoms and molecules 
designed to absorb or scatter specific wavelengths in the electromagnetic spectra 
can be synthesized or assembled through rational design. It possible to use them 
in color related applications such as plastic, cosmetics, paints. The colors 
generated from plasmonic materials are not only easy to be tuned, but also are 
proved to be perceived.  
In order to meet the requirements of size miniaturization, color vibrancy, high 
resolution of next generation displays and data storage devices, plasmonic printing 
with nanoscale pixels is invented firstly through top-down fabrication techniques. 
So far, nanostructures such as nanoslits,79, 80 nanobars,81, 82 nanodiscs,83 and 
nanosquares84 emitting tunable colors have been successfully generated. 
Plasmonic materials generated through the top-down fabrication procedures are 
typically introduced by evaporation of a layer of metal film.  While the evaporation 
procedure generates polycrystalline metal structures, colloidal metal nanoparticles 
can be single-crystalline. Single-crystalline materials have less metal losses and, 
thus, offer better performances. The plasmonic printing with multichromatic 
switchable pixels composed of plasmonic atoms and molecules are demonstrated 
in chapter 5. The nanopixels generated through color engineering of plasmonic 
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atoms and molecules open the door to the next generation displays, holograms 
and information storage devices. 
1.3.3 The Resonance Tunability based on Refractive Index 
The fact that plasmon resonance spectrum is very sensitive to the refractive index 
(RI) of the surrounding medium make plasmonic atoms and molecules potentially 
good colorimetric sensors. Plasmonic materials have been employed to study the 
local refractive index variations caused by biomarker molecules absorbed onto 
metal surfaces. When the local RI at metal surface increases, the surface plasmon 
resonance redshifts. This redshift can be detected through spectroscopy. The 
nanoparticle based LSPR and the metal surface based propagating SPR (PSPR) are 
shown to be equivalent in sensitivity for protein adsorption detectoin.85 The 
sensitivity of diagnostics can be increased through sharpening the corners or tips 
of the plasmonic atoms as well as clustering of plasmonic particles, which enables 
low-cost, fast, real-time multiplex diagnosis on single molecule level.  
1.3.4 Spectral Responses of Plasmon Coupling 
Plasmon Rulers are the smallest and simplest plasmonic unit that has plasmon 
coupling. It is an extremely suitable and widely used tool for monitoring the 
dynamic nanometer scale distance changes, which facilitates deeper 
understanding of biological systems. The plasmon rulers assembled through 
DNAs54, 61 or RNAs86 have been used to investigate the DNA and RNA enzyme 
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activities. The dynamics of nucleic acid bending induced by enzyme binding and 
the cleavage activities are monitored with high temporal resolution on single 
molecule level on time scale of several minutes, which is not achievable with other 
approaches.87 The application of plasmon rulers is further illustrated in chapter 3 
where dynamic distance fluctuations are analyzed to derive polymer linker 
stiffness. 
Distance-dependent plasmon coupling among plasmonic atoms are also found to 
be extremely useful in the studies of clustering behavior of biomolecules such as 
cell surface receptors.88 The clustering of plasmonic atoms induces a dramatic 
increase of scattering cross-section and the redshift of the resonance peak. The 
easy surface functionalization enables the linkage of specific ligand or proteins to 
the plasmonic materials, which allows specific binding of particles to the target of 
interest in biological systems. Gold nanoparticles labeled with epidermal growth 
factor receptors (EGFR) were used to determine the distribution and density of the 
receptors on the cell surface. Due to the over-expression of EGFR on cancer cell 
surfaces, spacial mapping of the EGFR density distribution on subcellular length 
scales are revealed in darkfield microscopy.89  
1.3.5 The Near-Field Coupling and E-field Enhancement  
One application of near-field coupling of plasmonic molecules, in particular 
plasmonic polymers, is to use them as nanoscale optical waveguides. It has been 
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shown experimentally that one dimensional arrays of plasmonic atoms can guide 
the electromagnetic energy on the length scale of over half micrometer.23  
The enhanced E-field around plasmonic materials under illumination allows a 
variety of applications in sensing and nonlinear applications. Surface-enhanced 
Raman scattering (SERS) is the optical process with highest enhancement factor 
achieved. Due to the small Stokes shift of Raman scattering, the field enhancement 
apply at both excitation and Stokes frequency. For this reason, SERS signals can be 
significantly enhanced. For example, field enhancement with a factor of 1000 will 
lead to Raman cross section enhancement of 1012 times. SERS of a single rhodamine 
6G molecule with enhancement factor of 1014 has been reported with individual 
silver plasmonic atoms.24 SERS based on anti-EGFR antibody conjugated nanorods 
was applied to distinguish cancer cells from normal cells.90 Besides E-field 
enhancement, the near field response of plasmonic particles can also serve to 
enhance the decay rate of fluorescence emitters.91 
1.3.6 Application Based on Excellent Charge Mobility 
The earth-abundant energy harvesting materials in photocatalysis, photovoltaic 
devices and solar fuel cells all suffer from poor electrical transportation abilities 
and short carrier diffusion lengths (significantly shorter than the absorption depth 
of light). As a result, many photon excited charge carriers recombine before they 
can be harnessed, which causes the low efficiency of these devices.92 Experimental 
studies have proved metal nanostructures engineered on to the light absorbing 
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materials can strongly improve the energy conversion efficiency.93 94  Three non-
mutually exclusive factors are credited for this enhancement.95 The LSPR induces 
local e-field enhancement that concentrate the light flux around the nanoparticles. 
The strong scattering of plasmonic atoms behaves like nanoscale mirror that 
increases the average photon path length. The excellent charge carrier mobility of 
noble metal nanoparticles facilitates rapid charge injection into absorber 
semiconductor electrodes. One additional advantage of using plasmonic atoms for 
energy harvesting is that by manipulating the composition, size and shape, the 
nanostructures can be designed to interact with the entire solar spectrum and 
beyond thus maximize the conversion efficiency. 
1.3.7 Applications based on Photo-thermal Effects.  
In addition to the radiative properties, plasmonic materials can also convert the 
electromagnetic energy into heat through series of nonradiative decay pathways. 
This property is often used in photothermo therapy where the heat generated from 
light absorption is passed to the surrounding medium, which heat up the 
abnormal cells and eventually ablate them. For this application, the wavelength of 
the incident light is usually selected to overlap the LSPR of the plasmonic atoms to 
maximize the efficiency. Plasmonic atoms with resonance peak in the visible are 
usually limited to therapies close to the skin. Plasmonic atoms such as gold 
nanorods or nanocages with resonances in the infra-red which are within the 
transparent window of tissue absorption are desired for treatment locations deep 
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into the tissue. The readily surface modifications of noble plasmonic nanoparticles 
can enable targeted delivery specifically into cancer cells through which the side 
effects can be minimized. In the studies where anti-EGFR antibody conjugated 
40nm gold nanoparticles were applied to both healthy and cancer cells, the cancer 
cells were damaged while the healthy cells did not show loss of cell viability.96 
1.4 The Scope and Organization of this Dissertation 
The work introduced in this thesis centers around the optical and photonic 
application of silver or gold nanospheres and nanorods. Some fundamental studies 
of plasmonic atoms and molecules are also included. 
In chapter 2, the optical properties of 40nm gold nanoparticles are firstly 
systematically evaluated. The nanoparticles were bound specifically to a specially 
designed black lipid membrane system for darkfield microscopy. The interactions 
between nanoparticles and lipid membranes are investigated through single 
particle tracking experiments.  
Single particle imaging and tracking of plasmonic particles are further developed 
in chapter 3 where the spectral information of individual plasmon rulers confined 
to a two dimensional fluid plane are monitored with plasmon coupling microscopy. 
Spectral fluctuations reveal distance fluctuation of plasmon rulers caused by 
thermal fluctuations. The potentials of plasmon rulers linked by biopolymers of 
different stiffness are evaluated. A new approach to detect nanoconfined single 
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molecule mechanical properties using plasmon ruler and plasmon coupling 
microscopy is developed, which provided a highly useful tool to improve the 
understanding of how the confinement of a polymer in a nanoscale volume 
impacts its chemical and mechanical properties. 
In chapter 4 and chapter 5, directed self-assembly of colloidal plasmonic 
nanoparticles into nanolithography patterned PMMA templates is introduced. 
Precise control of the interparticle gaps is realized by controlling surface ligand 
density and buffer ionic strength. The effects of size and gap on the LSPR of one-
dimensional plasmonic molecules are investigated in detail. Characterizations of 
the spectral shifts confirm a preferential localization of the electromagnetic 
interactions between neighboring NPs and indicated significant contribution from 
non-classical coupling mechanisms for interparticle gaps around and below 0.5nm. 
This work is further advanced to a sequential directed self-assembly approach 
demonstrated in chapter 5, which facilitates the integration of different materials 
(gold vs. silver) and nanoparticle shapes (spheres vs. rods) as individual 
nanoparticles or near-field coupled clusters with a single top-down patterning 
step. This approach enables plasmonic printing with vivid colors across the entire 
visible range and allowed the spatial encoding of polarization dependent spectral 
responses using anisotropic shaped clusters and particles.  
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This thesis includes material from three publications by the author.78, 97, 98 Chapter 
2 is reproduced with permission from reference 78, © 2012 John Wiley and Sons. 
Chapter 3 uses material from reference 98, coauthored with Yan Hong, Björn 
Reinhard, reproduced with permission, © 2015 American Chemical Society. 
Chapter 4 is based on Reference 97, coauthored with Mahshid Pourmand, Amin 
Feizpour, Brad Cushman and Björn Reinhard, reproduced with permission, © 2013 
American Chemical Society. Some material from each paper has also been 
incorporated into the current introductory Chapter. Chapter 5 is based on 
unpublished work that was recently submitted for publication considerations.  
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Chapter 2 SINGLE PLASMONIC ATOM TRACKING ON BLACK LIPID 
MEMBRANES 
The application of nanoparticles (NPs) in biomedical applications creates a need 
for appropriate model systems to systematically investigate NP-membrane 
interactions under well-defined conditions. Black lipid membranes (BLMs) are 
free-floating membranes with defined composition that are ideally suited for 
characterizing NP-membrane interactions free of any potential perturbation 
through a supporting substrate. In this chapter, a micro-fabricated BLMs array 
integrated into a chip-based platform that is compatible with high-speed optical 
NP tracking is firstly introduced. The system is used to investigate the lateral 
diffusion of 40 nm gold spheres tethered to biotinylated lipids through antibody 
functionalized ligands (single-stranded DNA or polyethylene glycol (PEG)). 
Although  the NPs showed an almost free diffusion, their lateral motion was 
subject to substantial drag at the membrane surface, which led to systematically 
smaller diffusion coefficients (D) than obtained for lipids in the membrane 
through fluorescence recovery after photobleaching (FRAP). The lateral mobility 
of the NPs was influenced by the chemical composition and salt concentration at 
the NP-membrane interface, but was independent of the ligand density in the 
membrane. Together with the observation that nanoprisms with a larger relative 
contact area than the spherical NPs showed an even slower diffusion, these 
24 
 
 
findings indicate that the lateral mobility of NPs tethered in close vicinity to a 
membrane is dominated by the friction at the NP-membrane interface. 
2.1 On-Chip Black Lipid Membrane Designed for Darkfield Microscopy 
A systematic investigation of how NP properties and membrane composition 
interact requires appropriate model systems in which NP and membrane 
parameters can be independently varied in a rational fashion. Solid supported 
membranes are widely used artificial membrane model systems due to their easy 
preparation and excellent mechanical stability.99 One potential concern associated 
with the supported membrane system is, however, that the contact between the 
lipid bilayer and the supporting substrate impacts the lipid lateral diffusion in the 
membrane and leads to a reduction of the diffusion coefficient (D).This problem 
was in part mitigated through the introduction of hydrophilic cushions supported 
lipid bilayers.100-102 The latter show an improvement in membrane fluidity, but the 
D of the lipid lateral diffusion in some of these membranes are still relatively low 
compared to free-standing membranes. Furthermore, the direct contact between 
the membrane and the supporting cushions can create complications in the 
interpretation of particle-membrane interactions.103, 104 Black lipid membranes 
(BLMs) are prepared over an aperture in a hydrophobic material, most commonly 
a Teflon sheet.105, 106 Consequently, BLMs are free-standing in solution and entirely 
avoid a contact with the underlying substrate. BLMs have characteristic lateral 
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diffusion coefficients (D) in the range between 10 µm2s-1 – 30 µm2s-1,107, 108 which 
compares to approximately 4 µm2s-1 for solid supported membranes.99 BLMs are, 
thus, the model system of choice for investigating NP-membrane interactions. 
The development of micro-/nano- fabrication techniques have led to the 
realization of “on-chip” integrated BLMs.109, 110  Instead of using individual Teflon 
aperture as base for BLMs as in the traditional Montal-Mueller approach,105s entire 
arrays of apertures can be created in a broad range of materials including silica, 
PDMS, or photoresist with precise control over the size and geometry of the 
individual apertures.109-111   Different approaches have been developed to form 
membranes over the created wells or apertures.112 Self-assembly of lipid bilayer 
through vesicle deposition is widely used for on-chip BLM formation.110, 113-116 In 
addition, BLMs formation by the contact of two lipid monolayers at the oil-water 
interface inside a flow chamber has been demonstrated.117, 118  
Most of the BLM systems in use today are, however, optimized for electrical 
conductance measurements, although optical tracking of NPs can provide detailed 
insights into NP-membrane interactions as well, especially in the case of noble 
metal NPs.  
To take full advantage of the superb optical photophysical properties of noble 
metal NPs and their tunability, a BLM array system optimized for high-speed 
imaging of NPs on membranes of defined composition through darkfield 
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microscopy is firstly introduced. It was then applied to characterize the lateral 
diffusion of gold NPs on free standing 1-palmitoyl-2-oleoylphosphatidylcholine 
(POPC) membranes and to determine the lateral friction associated with the NP 
diffusion. 
2.1.1 Membrane Substrate Fabrication 
The design of the BLM array was inspired by the work of Ganesan and Boxer who 
recently introduced an on-chip BLM interferometer based on a shallow well array 
fabricated through micro-lithography.109 Ganesan and Boxer generated the wells 
through reactive ion etching (RIE) into a SiO2 layer. This procedure is, however, 
not ideal for darkfield microscopy since the latter will collect signals from all 
efficient scatterers close to the focal plane under oblique illumination. The 
roughness introduced to the wafer in the etching process leads to substantial 
background in darkfield imaging and causes a dramatic increase in the noise level. 
We, consequently, used an alternative fabrication process (Figure 2.1a) and created 
the wells through deposition of SiO2 on lithographically patterned substrates (See 
Methods for more details). This approach successfully retained the smoothness of 
the polished wafer surface and minimized background scattering (Figure 2.1b). The 
background in optical tracking was further decreased by generating large wells 
with a diameter of 100µm, which provided sufficient membrane area away from the 
edges of the wells where the scattering background is high. The wells were also 
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made relatively deep (7~9µm) to minimize the scattering background from dirt on 
the bottom of the well (Figure 2.1c). 
 
Figure 2.1 Membrane Susbtrate Fabrication and Characterization. a) Schematic illustration 
of the BLM array fabrication and membrane formation process; b) Darfield image of a BLM 
array and (c) SEM micrograph of a single well in the array. Scale bar in b and c represents 
100µm and 25µm respectively. 
2.1.2 Black Lipid Membrane Formation and Characterization 
After the membrane substrates are fabricated, BLMs were then formed by thinning 
of a decane layer sandwiched between two lipid monolayers at the organic-
aqueous interphases.109 During spontaneous retraction of the decane film across 
the surface, lipid membranes formed across the fabricated wells (see Materials and 
Methods). Although not all of the wells in the array were successfully sealed by 
membranes in the assembly approach, the addition of a fluorescence dye 
(carboxyfluorescein) in the aqueous buffer beneath the decane film greatly 
facilitated the detection of membranes. Only those wells that were sealed by an 
intact membrane showed strong fluorescence signals (Figure 2.2a). Nile red was 
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dissolved in the decane to check for the presence of remaining organic solvent 
enclosed between the two leaflets of the membrane bilayer (Figure 2.2b). Except 
for the area in close vicinity of the well edge (Plateau-Gibbs border)119, in which the 
two leaflets do not associate due to an enclosed solvent annulus,120 the Nile red 
fluorescence signal was negligible, which indicates that the two leaflets form a 
tight lipid bilayer in the center area of the wells. In some cases, the process of a 
bilayer formation and the associated “zipping” of the two membrane leaflets was 
observed in real time. The zipping occurs when the decane gradually retracts and 
the two lipid monolayers get sufficiently close for thermal fluctuations to induce 
contact formation. The energetically favored bilayer structure then rapidly 
expands across the whole membrane area.121 Figure 2.3 shows this process observed 
under darkfield microscopy. 
 
Figure 2.2 Fluorescence Characterization of BLMs. a) Enclosure of fluorescence dye 
(carboxyfluorescein) by membrane formation enables to detect wells sealed by an intact 
membrane; b) Fluorescence from Nile red contained in the decane is enriched at the edges 
of the wells, indicating the formation of a decane annulus. 
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After successful formation of the lipid membranes, the ensemble diffusion 
properties of the lipids in the formed bilayer through fluorescence recovery after 
photobleaching (FRAP) were characterized. To that end, CF labeled 
phosphatidylethanolamine (CF-PE) were integrated into the membrane and 
determined the diffusion coefficient as           , where w is the effective 
radius of the bleaching laser beam and t1/2 is the time for the bleached spot to 
recover half of its full recovery intensity. The diffusion coefficient was measured to 
be D = 25.1±3.4 µm2 s-1 for a membrane containing 10% CF-PE and 90% POPC at 
25˚C (Figure 2.3), which is in very good agreement with the literature value 
reported for BLMs.107, 108 Overall, the FRAP studies confirmed the formation of 
well-behaved BLMs. 
 
Figure 2.3 Membrane Zipping and FRAP. a) Lipid bilayer “zipping” monitored in the 
darkfield microscope. The bilayer starts to form from the left side and gradually extends to 
the right side. The top leaflet of the membrane was labeled with NPs to facilitate an easy 
focusing on the plane of the membrane in the darkfield microscope; b) Fluorescence 
recovery curve for  a BLM as determined by FRAP. Fluorescein labeled PE (10 mol %) was 
used as fluorescent dye, the bleached spot had a radius of around 14 µm. 
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2.2 Single Particle Tracking of Plasmonic Atoms 
2.2.1 Functionalization of Plasmonic Atoms with Binding Proteins 
40nm (diameter) sphere NPs were functionalized with single-stranded DNAs 
(ssDNAs). A mix of 50 nucleotide long ssDNAs that were 3’ functionalized with a 
thiol group and 5’ functionalized with an azide group (HS-DNA-N3) and 30 
nucleotide long ssDNAs that were only 3’ thiolated (HS-DNA) were used for the 
assembly of a ssDNA brush on the NP surface. HS-DNA-N3 and HS-DNA were 
mixed in the ratio of 30:70 mol %. The thiol group efficiently anchored the ssDNAs 
to the NP surface while the azide group allowed for a convenient cross-linking to 
alkyne labeled anti-biotin antibodies through the Cu+ catalyzed azide-alkyne 
cycloaddition.122, 123 For more details regarding the NP preparation and 
characterization, please refer to the Methods section and the Supporting 
Information. In the following, the anti-biotin antibody functionalized NPs are 
simply referred to as Ab-DNA-NPs. 
 
Figure 2.4 Gold Nanosphere Functionalization and Characterization. a) Schematic overview 
of Ab-DNA-NPs preparation through click-chemistry; b) The increase in hydrodynamic 
radius (determined by DLS) as function of polymer functionalization and antibody 
crosslinking confirm a successful functionalization of the NPs; c) SEM images of 40 nm Ab-
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DNA- NPs after incubation with 10 nm diameter biotin NPs. The strong binding of the 10nm 
biotin NPs confirms a successful functionalization of the 40 nm particles with multiple 
antibodies. Control experiments with 40 nm nanoparticles functionalized with radom IgG 
antibodies did not yield any binding. 
The click chemistry applied to bind antibodies to ssDNA functionalized NPs was 
anticipated to be highly efficient and to provide gold NPs carrying multiple 
antibodies. The presence of multiple antibodies on the NP surface by incubating 
the 40 nm Ab-DNA-NPs are verified with an excess of 10 nm (diameter) 
biotinylated gold NPs. SEM images of this mix in Figure 2.4c confirm the 
association of many 10 nm NPs with each individual 40 nm Ab-DNA-NP. 
2.2.2 Single Particle Tracking through Black Lipid Membrane System 
The small (1cm x 1cm) well array chips were mounted on plastic microscope cover 
slides. After membrane formation, another coverslide connecting the inlet and 
outlet tubing was placed on top of the first slide supporting the BLM chip, and the 
two coverslides were sealed by double-sided tape to form a flow chamber as shown 
in Figure 2.1a. Figure 2.1b contains a scheme of the experimental setup with a BLM 
chip containing the flow chamber integrated into a darkfield microscope. The 
overall thickness of the chamber was around 1 mm to allow the focusing of both a 
high numerical aperture (NA) oil darkfield condenser and imaging objective onto 
the plane of the BLMs. 
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Figure 2.5 Integration of Membrane System into Microscope for SPT. a) The BLM chip is 
integrated in a simple flowchamber, which allows to flush in antibody functionalized NPs 
that bind to biotin-PE contained in the POPC membrane; b) Scheme of the optical 
darkfield set-up. 
One of the key advantages of the NP-membrane model system is that it offers both 
outstanding signal intensity and low background. Figure 2.6a shows a 
representative darkfield image of 40nm Ab-DNA-NPs on BLMs acquired at 500 
frames per second (fps). The precise locations of the individual NPs in each frame 
were determined by fitting their point-spread-functions (PSFs) with 3D Gaussians 
(see Methods section for details). By connecting the coordinates of the fitted peak 
intensities in each frame the diffusion trajectories of the individual NPs (Figure 
2.6b) were obtained. Individual NPs were tracked with frame rates between 100 
and 2380 fps.  
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Figure 2.6 Single Particle Tracking. a) Tracking NPs in darkfield microscopy. (a) A typical 
image (31.25µmx31.25µm) of Ab-DNA-NPs on a BLM, the individual NPs are clearly 
identifiable as bright dots. The image was acquired at a frame rate of 500 fps. For each 
individual NP in each frame, raw data (upper and middle inset) was fitted with a two-
dimensional Gaussian function (bottom inset) to determine the exact coordinates of the 
NP; b) Representative trajectory of a single particle tracked for 1000 frames at 500 fps (blue 
spheres), the grey line shows the 2D projection of the trajectory. 
The resulting average signal-to-noise ratios (s/n) showed that the noise scales as 
the square root of the signal intensity (Figure 2.7), which is characteristic of 
photon noise (shot noise).  Due to the low background and the large scattering 
cross-sections of the NPs, an excellent s/n of around 10 (without any image 
processing) was achieved at 1000 fps. Gold NPs don’t blink or bleach, and are 
routinely tracked for several minutes in the experiments below. The maximum 
observation time in the tracking experiments was not limited by the photophysical 
properties of the NPs but by the area monitored by cameras. After some time the 
NPs simply diffused out of the detection area. 
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Figure 2.7 Signal to Noise. Signal-to-noise ratio (s/n) for the Ab-DNA-NPs as function of 
acquisition cycle time. 
2.3 Membrane-NP Interactions Revealed by Lateral Diffusion of Plasmonic 
Atoms 
2.3.1 Effect of Multiple Tethering 
Multivalent Ab-DNA-NPs can form multiple biotin-antibody contacts with the 
membrane, but at constant antibody/NP ratio the probability of multiple contacts 
is expected to decrease with decreasing biotin-PE concentration in the membrane. 
The binding of Ab-DNA-NPs in the absence of biotin-PE was very low, confirming 
that non-specific binding on POPC BLMs was negligible (Figure 2.8a). The biotin-
PE density in the membrane were varied over two orders of magnitude and 
assembled membranes containing 0.05, 0.5 and 5 mol% biotin-PE.  These 
concentrations correspond to 1.25, 12.5 and 125 biotins in an area of 40nm x 40nm 
in the upper leaflet of the BLM. As expected, the number of NPs bound to the 
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membrane increased with growing biotin-PE density in the membrane (Figure 
2.8a) due to the increasing number of available binding sites in the membrane.  
Tracking experiments were performed on membranes containing identical Ab-
DNA-NPs in MOPS buffer (0.5M NaCl, pH 7). Figure 2.8b shows the resulting 
mean-square displacement (MSD) 〈   〉 as function of time lag (t) for NPs on 
membranes with different biotin-PE concentrations. The MSD was computed as 
time and ensemble average as  
 〈      〉  
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    (2.1) 
where N is the total number of trajectories, τ is the acquisition time and T is the 
total length of trajectory j. The following N values were used: N=81 (0.05 mol% 
biotin-PE), 394 (0.5 mol% biotin-PE) and 778 (5 mol% biotin-PE). According to the 
Stokes-Einstein relationship124, the MSD 〈   〉 increases linearly with increasing 
time lag t as described by the relationship 〈   〉       with α=1 for Brownian 
diffusion. The 〈   〉  as function of t for BLMs with different biotin-PE 
concentrations are plotted In Figure 2.8. The plots of 〈   〉 vs. t for membranes 
containing 0.05%, 0.5%, and 5% biotin-PE show almost ideally linear 
dependencies. Strikingly, no systematic change of the lateral mobility of the NPs 
for the different biotin-PE concentrations was detected, even though the biotin 
was varied over two orders of magnitude.  It is found that α  0.95 for all biotin-PE 
concentrations, consistent with an almost ideally Brownian diffusion for all 
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investigated biotin-PE concentrations. The diffusion analysis were performed at 
different temporal resolutions (100 fps and 500 fps) and obtained essentially 
identical NPs diffusion behaviors. 
 
Figure 2.8 Effect of Ligand Density. a) Number of Ab-DNA-NPs on membranes with 
different ligand density; b) Ensemble-averaged MSD vs. time lag plots for NP diffusion on 
membranes with different ligand density. 
2.3.2 Effect of Friction 
The mode of lateral diffusion can be classified in more detail using the approach of 
Ferrari et al. who considered moments of displacements with different exponents 
than two in their analysis: 〈   〉       .125 A plot of γ vs. ν is called a moment 
scaling spectrum (MSS) and its slope (SMSS) facilitates a classification of the 
translational motion. SMSS values of 0, 0.5 and 1 correspond to immobilized, free 
(Brownian) and ballistic diffusion, respectively. The obtained SMSS values for 
individual trajectories of Ab-DNA-NPs on BLMs (with the highest investigated 
biotin-PE concentration of 5%, recorded at 100 fps) were plotted in Figure 2.9a as 
37 
 
 
function of the fitted diffusion coefficient (ν=2)(orange circle). The SMSS 
distribution is centered around SMSS=0.5 but the distribution is asymmetric with a 
longer tail on the low SMSS side. Nevertheless, 72% of the trajectories lie within the 
range of SMSS=0.5±0.1, and 92% lie within the range of SMSS=0.5±0.15, indicating 
that the majority of the NPs perform an essentially free diffusion on the free-
floating membrane system despite the high concentration of available binding 
sites in the membrane. This behavior is in stark contrast to the SMSS distribution 
observed with the same Ab-DNA-NPs on a 0.05% biotin-PE containing glass 
supported membrane, for which the diffusion was overall slower and the 
contribution from immobile NPs higher (Figure 2.9a green squares). The 
supported membrane was assembled through the Langmuir-Blodgett technique 
followed by a Langmuir-Schaefer procedure.126, 127 A very low biotin-PE 
concentration was chosen for the supported membrane experiment since for 
higher ligand concentrations the majority of the NPs was immobile. Even with the 
0.05% biotin-PE concentration, about 45% of the observed NPs (32 out of 71) were 
essentially immobile. The mobile fraction of NPs with SMSS> 0.1, have an average D 
= 0.42±0.41 µm2 s-1 which is systematically slower than the D = 3.69±1.09 µm
2 s-1 
observed for the BLMs with the same biotin-PE density. This comparison 
underlines the advantage of the BLM approach, which – by design – avoids 
perturbation of the membrane or spurious interactions between the NPs and the 
substrate supporting the membrane. 
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Figure 2.9 Characterizing the Lateral Friction of NPs on BLMs.  a) MSS slope and diffusion 
coefficient distributions of Ab-DNA-nanoprisms on 0.5% biotin-PE containing BLM (purple 
triangle), Ab-DNA-NPs on supported membranes with 0.05% biotin-PE (green square), and 
Ab-DNA-NPs on 5 mol% biotin-PE BLM (orange circle). Histograms for the diffusion 
coefficients (D) and SMSS values for Ab-DNA-NPs on 5 mol% biotin-PE BLM are included in 
the top (red) and side (blue) panels; b) MSD vs. time lag for different NP surfaces . The 
investigated conditions include: i) Ab-DNA-NPs in buffer with ionic strength 0.1 mol L
-1
 
(green triangle); ii) Ab-DNA-NPs in buffer with ionic strength 0.5 mol L
-1
 (red circle); iii) Ab-
PEG-NPs in buffer with ionic strength 0.1 mol L
-1
  (blue triangle); iv) Ab-DNA-nanoprisms in 
buffer with ionic strength 0.1 mol L
-1
. 
Although the Ab-DNA-NPs exhibit free diffusion on the BLMs, the obtained D 
values (Figure 2.9a) are still quite small (D  4 µm2 s-1), especially when compared 
with the experimental diffusion coefficient of the lipids in the membrane (D = 25.1 
± 3.4 µm2 s-1) and the calculated diffusion coefficient of a 40 nm diameter NP in 
water (D = 12.3 µm2 s-1, ηwater = 8.9x10
-4 Pa·s at 25°C) from the Stokes-Einstein 
relationship. Since it can be excluded that the relatively slow motion of the NPs 
arises from spurious interactions with a substrate in case of the BLMs, it is 
attributed to direct NP-membrane interactions. One obvious potential reason for a 
slow lateral diffusion of the NPs on the membrane is the formation of multiple 
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antibody-biotin contacts between individual NPs and the membrane.128 The fact 
that no systematic change of the lateral mobility of the NPs was detected when the 
concentration of biotin-PE was varied over two orders of magnitude (Figure 2.8) 
argues against multivalent binding as main cause for the experimentally observed 
slow diffusion.  
Although the Ab-DNA-NPs show only a negligible unspecific binding to the 
membrane (Figure 2.8a), it is unavoidable that they explore interfacial effects after 
being tethered to the membrane. The resulting short-range interactions between 
the NPs and the membrane will create forces that act on the membrane and the 
surrounding fluid. The associated reaction forces will seek to counter these effects 
and result in an increased effective friction for the lateral translation of the 
membrane bound NP.129 Brenner and Leal have shown that the Brownian diffusion 
of particles at the interphase between two immiscible fluids can be characterized 
by a diffusion coefficient of the form: 
  
   
   
    (2.2) 
 where kB is the Boltzmann constant, θ is the temperature, η is the dynamic 
viscosity, a is the radius of the particle and f is the lateral friction parameter.130, 131 
Assuming ideal Brownian diffusion for the trajectories in Figure 2.8, a friction 
coefficient of approximately f = 20π for the Ab-DNA-NPs was obtained, 
independent of the biotin concentration in the membrane. This compares with f = 
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6π for a free NP in solution, and it is concluded that it is this additional frictional 
drag resulting from the close vicinity of the membrane that limits the lateral 
mobility of the NPs on the membrane.  
It is reasoned that if non-specific interactions between the membrane and the 
tethered NPs are the cause for the lateral friction, these should be sensitive to the 
composition of the membrane-NP interface. To verify this hypothesis, the tracking 
experiments were performed with a fixed membrane composition (99.5 mol% 
POPC, 0.5 mol% biotin-PE) but with three different flavors of NPs: i) Ab-DNA-NPs 
tracked in buffer containing 0.1M NaCl, ii) Ab-DNA-NPs tracked in buffer 
containing 0.5 M NaCl, and iii) Ab-PEG-NPs tracked in buffer containing 0.1 M 
NaCl. For the Ab-PEG-NPs the negatively charged ssDNAs ligands were 
substituted with charge-neutral 3.4 kDa long thiolated PEGs using similar NP 
functionalization and antibody cross-linking procedures (see Methods). The 
persistence lengths/end-to-end distances of the polymers bound to the particles 
under the different experimental conditions are summarized in Table 2.1. 
Persistence length of single stranded DNA molecules are calculated based on the 
formula provided in ref. 56 figure 2: p(Å)=6.42x10-8+4Cs
-1/2 (mol L-1). 
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Probe and Buffer 
Persistence 
length / Å 
[a] 
End-to-end 
distances / Å 
Diffusion 
coefficient / µm2 s-1 
Power-Law 
Dependency 
α 
Friction 
Factor 
f 
Ab-ssDNA-NPs in 0.1M NaCl 12.765, 132 87 3.90 0.95 18.9 
Ab-ssDNA-NPs in 0.5M NaCl 5.765, 132 70 3.60 0.95 20.5 
Ab-PEG-NPs in 0.1M NaCl 3.7133 52 3.27 0.98 22.6 
Ab-ssDNA-Nanoprisms in 
0.1M NaCl 
12.765, 132 87 1.94 1.01 38.0 
 Table 2.1 Overview of diffusion parameters and surface properties for different NP and buffer 
conditions. 
Although negative charged NP surfaces have been found to induce the membrane 
gelation which can lead to a slower lipid lateral mobility,134 I did not find the 
negative Ab-DNA-NPs to associate with systematically lower D than observed for 
the Ab-PEG-NPs. Therefore, the NP surface charge does not seem to be the 
dominating factor for the measured slow diffusion coefficients. In contrast, the 
stiffness (quantified by the persistence length) and, thus, the spacing between the 
gold NP surface and the membrane is correlated with the slope of the MSD (Figure 
2.9b). The MSD slope increases with growing stiffness of the polymer layer 
surrounding the NPs. 
The experimental observation is rationalized in terms of a higher lateral friction 
for NPs carrying softer polymer brushes due to stronger attractive interactions 
between the NPs and the membrane. It is worth mentioning that the fitted  
values in  〈   〉       for the different NP surfaces are all very close to 1, which 
confirms that all of the investigated NPs perform an essential free Brownian 
diffusion on the BLMs, albeit with different diffusion coefficients due to different 
degrees of lateral friction.  
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To further validate the impact of friction on the lateral diffusion of polymer 
functionalized NPs tethered to lipid membranes, the diffusion of nanoprisms with 
typical side lengths of 80 ~ 100 nm and thickness of 10 nm were analyzed. Ab-
DNA-nanoprisms carrying multiple antibodies are expect to attach with their 
larger front side to the membrane and, thus, to maximize the NP-membrane 
contact. The resulting increase in contact area relative to spherical NPs with 
identical volume translates into an increase in friction for the lateral diffusion. 
Indeed, the diffusion of the nanoprisms was found to be slower by a factor of 2 
when compared with the spherical particles emphasizing the importance of the 
NP-membrane contact area in determining the diffusion friction and lateral 
mobility. 
2.4 Materials and Methods 
Materials: The following materials were used as obtained from the vendors: 
octadecane-thiol (Sigma); 2-[methoxy(polyethyleneoxy)-propyl]trimethoxysilane 
(PEG-silane) (Gelest); 10X MOPS buffer stock solution (Fisher Scientific); 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (Avanti Polar Lipids, 
Inc.); 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(capbiotinyl) (sodium 
salt) (biotin-PE) (Avanti Polar Lipids, Inc.); 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(carboxyfluorescein) (ammonium salt) (CF-PE) (Avanti 
Polar Lipids, Inc.); 40 nm Au colloid (British Biocell International); thiol-30nt DNA 
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(Integrated DNA Technologies); thiol-50ntDNA-azide (HS-50nt DNA- N3),  thiol-
30ntDNA (HS-30nt DNA) (Fidelity Systems, Inc.); thiol-polyethylene glycol-azide 
(N3-(CH2CH2O)77-CH2CH2-SH, molecular weight 3400) (NANOCS); propargyl 
dPEG-NHS ester (Quanta Biodesign);anti-biotin affinity isolated antigen specific 
antibody (Sigma); L-ascorbic acid (Aldrich); copper(II) sulfate pentahydrate 
(Aldrich); Carboxyfluorescein (Sigma); Nile red (Sigma); tetrachloroauric acid 
(HAuCl4) and crystalline sodium sulfide (Na2S) (Sigma-Aldrich). I used Zeba 
TM 
spin desalting columns (7K MWCO) from Thermo Scientific. The reagent solutions 
were prepared in DDI water (double distilled, 18.2 M). 
BLM Array Fabrication: Wells were fabricated through standard micro-lithography 
followed by thin film deposition and photoresist lift-off processes. A 30 µm layer of 
AZ4620 photoresist spin-coated on Pyrex wafer was patterned through 
photolithography (Karl Suss MA6 Aligner). A 7 µm layer of SiO2 was then 
deposited onto the patterned wafer (Sharon Vacuum, Brockton, MA, USA) 
followed by 5 nm Cr and 100 nm Au deposition (CHA Industries, Fermont, CA, 
USA). The photoresist was removed by immersing the substrates in acetone for 10 
min followed by 3 min sonication in acetone bath. 
 After drying and oxygen plasma cleaning for 30 min, the substrates were 
immersed in a 1 mM solution of 1-octadecane-thiol in ethanol and subsequently in 
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a 1 mM PEG-silane solution in toluene. Substrates were stored under vacuum until 
usage to prevent oxidation of the thiol-metal bond. 
Membrane Formation and Characterization: Surface functionalized 1 cm x 1 cm 
BLM chip was mounted over a central (1.2 cm by 1.2 cm) cutout in a plastic 
microscope slide (7.6x2.5x0.4cm Fisher Scientific) before membrane formation. 
The whole slide was then submerged in MOPS buffer (0.5M NaCl, pH 7) 
containing carboxyfluorescein (CF). The wells on the chip were then sealed by 
dispersing decane on top of the chips with a pipette. Remaining CF containing 
buffer in the unsealed wells was then replaced by clear MOPS buffer through 
extended rinsing. In the subsequent step, preassembled vesicles (formed by lipid 
rehydration and extrusion) in MOPS buffer were added to deliver lipids into the 
decane. Upon addition of the lipids, the decane covering the SiO2 substrates 
retracted in the aqueous buffer to form droplets. During the retraction process a 
free-standing lipid bilayer was formed over the fabricated wells. 
Fluorescence Recovery after Photobleaching: FRAP was performed on membranes 
assembled from POPC and CF-PE (90:10 mol %) in an Olympus FV1000 scanning 
confocal microscope. Atto 565 dissolved in MOPS buffer was used to identify those 
wells that were successfully sealed by a membrane. A 488nm laser was used to 
excite the fluorescence from CF-PE and a 35mW 405nm laser was used to bleach a 
hole with diameter around 30µm.  
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Antibody Conjugation: Anti-biotin antibody was first cross linked with propargyl-
PEG-NHS ester and then linked to DNA/DNA-N3 coated particles through the Cu
+ 
catalyzed azide-alkyne click chemistry following established procedures.122 2 μL of 
a solution of propargyl-PEG-NHS ester (100 mg mL-1 dissolved in DMSO) was 
mixed with 100 μL of a 0.5 mg mL-1 biotin antibody solution in 1x PBS, pH 7.2, in an 
ice bath for 6 h. The excess propargyl-PEG-NHS ester was then removed by 
running the solution through a size exclusion column (7k MWCO) for two times. 
25 μL of the resulting propargyl-PEG-biotin antibody solution was then incubated 
with 500 μL ssDNA/PEG-modified Au NPs in 0.5x PBS buffer in the presence of a 
click chemistry catalyst (100 µM ascorbic acid and 20 µM CuSO4) overnight at 4 °C. 
The resulting antibody conjugated nanoparticles (Ab-DNA-NPs) were washed 
three times by centrifugation and then stored at 4°C for no more than three days 
before use. 
Particle Preparation: Commercial citrate stabilized 40nm gold NPs (0.15 nM) were 
concentrated by a factor of 50 by centrifugation. Then 8 µL tween 20 solution 
(2.5% w/w) was added to 80 µL NP solution (7.5 nM) and incubated for 30min. 
After that 5 µL 100 µm HS-DNA-N3/HS-DNA mixture (30:70 mol %) was added and 
particle solution was incubated for 2h. Then x µL of y M solution of NaCl were 
added in individual steps of (x, y):  (3, 0.4); (10, 0.4); (10, 0.4); (10, 2); (15, 2). At least 
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2h of incubation time was applied between each step. After a final incubation for 
overnight, the particles were washed with water for four times by centrifugation 
and resuspension and finally resuspended in MOPS buffer. The formation of a 
DNA brush surrounding the NPs was monitored by dynamic light scattering (DLS) 
. PEG modified NPs were obtained by incubating 5 µL of HS-PEG-N3 aqueous 
solution (10 mM) with 1mL citrate stabilized 40 nm gold NPs (0.15 nM) overnight. 
The NPs were then washed by repeated (3x) centrifugation and resuspension in 
water and finally resuspended in the buffer of choice.  
Nanoprism Synthesis and Functionalization: All glassware was incubated in aqua 
regia overnight followed by excessive rinsing with soap solution and DDI water 
before use. 
The NPs were prepared in a two-step process by reducing aqueous tetrachloroauric 
acid (HAuCl4) with sodium sulfide (Na2S). First, 10 mL of a 1 mM aqueous Na2S 
solution aged for 24 h were added to 10 mL of a 2 mM HAuCl4 solution under 
vigorous stirring. After 5 min another 3.2 mL of Na2S solution were added and the 
reaction mix was kept stirring at room temperature. The color of the solution 
changed from dark yellow to wine red in the first 20 min. After stirring for 4 hours 
the particles were subsequently pegylated with Acid PEG 
(HSC11H22(OC2H4)6OCH2COOH). 100 µl of the 10 mM Acid PEG solution was added 
to the 23 mL reaction mix and incubated overnight. The particles were then loaded 
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into a 1% agarose gel and run at a constant voltage of 170 V for 25 min using 0.5x 
Tris-Borate-EDTA (TBE) as running buffer. The individual bands were cut out of 
the gels and the particles were recovered from the gel by electro-elution. The 
functionalization of the isolated nanoprisms with antibodies followed the same 
procedures as described for the spherical NPs. 
Darkfield Microscopy: Darkfield experiments were performed in an Olympus IX71 
inverted microscope. A xenon lamp (λ = 380-720 nm, Agilent Polychrome 3000) 
was used as illumination source. Incident light was filtered by a long pass filter (> 
530 nm) to prevent bleaching of CF. The light scattered from the sample was 
collected with a 60x air objective lens (Olympus LUCPLFLN, NA = 0.7).  Signal was 
further magnified by a 1.6x lense and collected by electron multiplying charge 
coupled devices (EMCCDs). Andor IxonEM+ detectors with a maximum detection 
area of 128×128 pixels and a pixel size of 30 µm x 30 µm were used.  
NP Tracking: All data analyses were performed with Matlab software. The particle 
locations in each frame were obtained by fitting a 9 by 9 pixel window around each 
scatterer with a Gaussian function:              
-  -    
   
 -
  -    
   
     , where A is 
the amplitude of signal intensity and B is the image background. NPs with signal 
intensities larger than ten times higher than that of the average for single NPs 
were excluded from the analysis. The peak coordinates of the Gaussian fits in 
individual frames were generated by linking the NP coordinates in subsequent 
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frames of movies containing at least 100 frames. The diffusion coefficient (D) of 
each trajectory was calculated using the equation 〈   〉      . The number of 
mean square displacement (MSD) points (Pmin) required for accurate diffusion 
coefficient calculation was determined as              
     ,   
  
 ̃  
 , where σ 
is the localization uncertainty, D is the diffusion coefficient,    is the frame 
duration and E represents the floor function.135 Pmin depends on the s/n and, thus, 
on the temporal resolution. At 100 Hz Pmin= 2 applies to 100% of the trajectories, 
and at 500 Hz 96.2% still have Pmin= 2, underlining the superb s/n provided by the 
gold NPs. For higher frame rates Pmin increased and the first ten frames were used 
to fit D throughout. 
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Chapter 3 PROBING BIOPOLYMER STIFFNESS WITH PLASMON RULERS 
The distance dependent plasmon coupling between biopolymer tethered gold or 
silver nanoparticles forms the foundation for the so-called Plasmon Rulers. While 
conventional Plasmon Ruler applications focus on the detection of singular events 
in the far-field spectrum, a ratiometric analysis was performed for which the 
continuous spectral fluctuations arising from thermal interparticle separation 
variations of fluidic lipid membrane confined Plasmon Rulers. Plasmon Rulers 
with three different DNA tethers were characterized and the ability to detect and 
quantify differences in the Plasmon Ruler potential and tether stiffness were 
demonstrated. The influence of the nature of the tether (single-stranded versus 
double-stranded DNA) and the length of the tether is analyzed. The 
characterization of the continuous variation of the interparticle separation in 
individual Plasmon Rulers through optical fluctuation analysis provides additional 
information about the tether molecule(s) located in the confinement of the 
interparticle gap and enhances the versatility of Plasmon Rulers as tool in 
Biophysics and Nanotechnology. 
3.1 Plasmon Coupling Microscopy of Plasmon Rulers 
Plasmon rulers (PRs) are self-assembled dimers of noble metal nanoparticles (NPs) 
linked by a biopolymer, in most cases DNA, which have been demonstrated to act 
as dynamic molecular rulers.53, 54, 61-63 The resonance wavelength, λres, of the PR 
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longitudinal mode continuously red-shifts with decreasing interparticle 
separation, S, once the NPs have approached each other to within approximately 
one NP diameter.136-139 The far-field spectral properties of gold and silver PRs as 
function of interparticle separation have been characterized in detail,47-51 and it 
was demonstrated that PRs offer unique opportunities for monitoring nanometer 
distances on longer length and time scales than is possible with organic dye 
molecular rulers based on conventional approaches, such as Fluorescence 
Resonance Energy Transfer (FRET).64 
3.1.1 Synthesis and Characterization 
In general, all PRs were assembled from colloidal citrate stabilized gold NPs using 
a DNA programmed self-assembly strategy. Rational assembly strategies of PRs 
containing a single DNA molecule connecting the NPs have been developed,140 but 
they require a lengthening of the DNA handle and subsequent purification of NP-
DNA conjugates in an additional intermediate step. A simpler conventional PR 
assembly strategy was used,141 which minimized the probability of multiple tether 
formation by using different DNA handle concentrations on the two NP flavors. 
Two flavors of NPs were tethered by annealing thiol-bound single stranded DNA 
(ssDNA) handles either directly to each other or to a third ssDNA linker. For 
details regarding the NP functionalization and assembly procedures, please refer to 
the section 4.4. 
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Specifically for the PRs used in the following experiment, the below experimental 
parameters were used. NPs with a diameter of 56 ± 2.4 nm are used for these 
experiments to obtain a high signal-to-noise ratio in optical imaging. The NPs are 
first stabilized by bis(p-sulfonatophenyl)phenylphosphine (BSPP) dipotassium salt 
followed by functionalization with different thiolated single-stranded 
oligonucleotides (HS-ssDNA). One flavor contained a high concentration of DNA 
handles grafted to the NP surface while the DNA density on the second flavor was 
very low. The DNA handles were embedded in a brush of 30 nucleotides long 
ssDNAs to passivate the NP surface and stabilize the NPs. The possibility that a 
small fraction of PRs had more than one tether cannot be ruled out. The zeta 
potential of the NPs used for the PR assembly was ζ = -19.2 mV under the chosen 
buffer conditions (10mM Tris PH8.0, 50mM NaCl). The thickness of the DNA 
brush around the NPs was determined by dynamic light scattering (DLS) as t = 3.4 
nm. 
 
Figure 3.1 Schematic Drawing of DNA Plasmon Ruler. 
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The gold NP dimers were separated from monomers and larger clusters by 
electrophoresis in a 1% agarose gel (Figure 3.2a). The dimer band was cut out of the 
gel and submerged in a small volume of buffer overnight to let the dimers diffuse 
out of the gel. The dimer purity was characterized by SEM and summarized in 
Figure 3.2b. One representative micrograph of surface immobilized dimers is 
shown in Figure 3.2c.  The obtained samples were mainly composed of NP dimers 
with a yield of over 70%. The remaining 30% were made up of monomers and 
larger agglomerates. 
 
Figure 3.2 Plasmon Ruler Yield. . a) 1% Agarose gel containing (from left to right): NP 
monomers functionalized with  handle 1, NP monomers with handle 2, and their mixture.; 
b) Contributions from NP monomer, dimers and larger clusters to the final sample as 
determined by SEM.; c) SEM picture of final Plasmon Ruler sample. 
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3.1.2 Plasmon Coupling Microscopy 
The far-field scattering spectra of PRs are dominated by the charge density 
(plasmon) mode oscillating along the long dimer axis. The red-shift is 
phenomenologically understood in a semiclassical charge oscillator model. The 
restoring force acting on the displacement charge in the individual NPs decreases 
due to the increased charge screening that results from the accumulation of 
opposite charge densities around the gap.137  
The need to acquire spectral information from laterally diffusing PRs, ideally 
with high temporal resolution, excludes the use of a conventional imaging 
spectrometer as this technique provides spectral information only from a small 
fixed area in the focal plane. A ratiometric widefield imaging approach was used in 
which the entire field of view is imaged simultaneously on two wavelength 
channels, λ1 and λ2.
142-144 The monitored wavelengths are located on the red and 
blue flank of the longitudinal PR resonance.142, 145 The spectral information of an 
individual PR is then contained in the intensity distribution on the two monitored 
channels, here quantified as: 
R = (Iλ1 - Iλ2)/(Iλ1 + Iλ2)  (3.1) 
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Figure 3.3 The Two Wavelength Channels. Averaged PR scattering spectrum (black line) and 
transmission spectra of the 40 nm bandpass filters centered at 530nm (green) and 585nm 
(red). 
In the experimental set-up (Figure 3.4) the PRs were illuminated with whitelight 
through a darkfield condenser. It is validated that the light incident in the imaging 
plane was unpolarized. The light scattered from the individual PRs was collected 
through an oil immersion objective (NA = 0.65) and split into two beams using a 
560 nm dichroic. The separated beams passed bandpass filters centered at λ1 = 530 
nm and λ2 = 585 nm, respectively, with spectral widths of approximately 40 nm 
(Figure 3.3) before they were collected on two separate electron enhanced charge 
coupled device (EMCCD) detectors (see Movie in Supporting Information). The 
intensities of a PR on the two images, Iλ1 and Iλ2, were obtained by integrating their 
fitted point spread functions (PSFs) on the two color channels. 
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Figure 3.4 Plasmon Coupling Microscopy Setup. Darkfield microscope set-up for plasmon 
coupling microscopy and representative images of PR in the 530nm (green) and 585nm 
(red) channels. 
The performed simulations indicate that the chosen filters with a bandwidth of 40 
nm achieve a similar sensitivity (as defined by the slope) in R(S) as much narrower 
bandpass filters. At the same time, the broader filters cover almost the entire 
spectral range of the PRs, which maximizes light capture and optimizes the signal-
to-noise ratio at short acquisition times.  
3.1.3 Distance Calibration of Fixed Plasmon Rulers 
The scattering spectra of NP dimers were simulated with various interparticle 
separations using finite-difference time domain (FDTD) simulations (Figure 3.5a) 
and derived Iλ1 and Iλ2 values by integrating the simulated scattering intensities, 
which are obtained by multiplying the simulated scattering cross-sections with the 
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excitation profile of the Tungsten whitelight lamp over the widths of the chosen 
filters.  
 
Figure 3.5 FDTD Simulation and PR Calibration. a) FDTD simulated scattering cross-
sections of dimers with various interparticle separations. The green and red colored areas 
represent the spectral ranges of the bandpass filters of the two monitored color channels; 
b) R(S) calibration generated from FDTD simulations (red line) and experimental 
validation data (black circle). 
The R(S) relationship obtained from the FDTD simulations is plotted as red line in 
Figure 3.5b.  By inversion of this relationship, the S(R) relationship required to 
convert R trajectories into S trajectories was obtained. It is noted that the sharp 
turn at S < 5nm in the R(S) relationship in Figure 3.5b is the result of the strong 
electromagnetic coupling between the NPs at short interparticle separations, 
which shifts the coupled longitudinal plasmon resonance out of the range of the 
two monitored wavelength channels. Consequently, the transverse mode with a 
peak wavelength of about 540 nm dominates the detected light for S < 5nm, and 
the R values show a steep decrease in this range.  As the NPs used in this work 
were covered by polymer brushes with a thickness t ≈ 3.4 nm, separations with S < 
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5nm are not relevant for PR1-3 and the calibration relationship was applied only in 
the S > 5 nm range. 
The derived R(S) calibration curve was validated experimentally by measuring the 
R values and interparticle separations of 22 NP dimers (Figure 3.5b). The dimers 
were assembled through template guided self-assembly50, 146, 147 on a transparent 
ITO coated glass substrate. The R values were obtained using the ratiometric 
darkfield imaging approach outlined above; the S values of the imaged dimers 
were subsequently determined by inspection in the SEM. Although the 
experimental data show some spread due to the limited spatial resolution of the 
SEM and the heterogeneity of the NP shapes, overall the experimental R(S) data 
accurately follow the FDTD predicted trend. 
3.2 High Temporal Resolution Plasmon Coupling Microscopy of Plasmon 
Rulers 
The experimental strategy to construct the PR potential φ requires a continuous 
monitoring of the PR spectrum as function of time. After these spectral traces are 
converted into S-trajectories using the above mentioned calibration relationship in 
section 3.1.3, φ is determined by the probability distribution of the interparticle 
separations. 
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3.2.1 Plasmon Rulers on Two Dimensional Fluid 
The characterization of the spectral response of freely diffusing PRs is met by a 
series of fundamental experimental challenges. For once, the random tumbling of 
a PR performing Brownian motion in solution results in rapid changes of the 
relative orientation of the dimer with regard to the optical axis of the microscope. 
Since the optical response of a PR is dominated by the longitudinal plasmon mode 
along the long dimer axis,53, 63, 137 changes in the projection of the incident E-field 
onto this axis are accompanied by changes in the shape and intensity of the 
recorded scattering spectra.63 Furthermore, the spatial emission pattern of the 
individual PRs also depends on the orientation of the dipole emitters in space.148 
Consequently, PR orientation changes cause signal modulations that are 
independent of actual separation fluctuations. To eliminate the complications 
associated with a three-dimensional PR diffusion, the long PR axis was confined to 
a two-dimensional fluid plane where rotational motions and lateral displacements 
of the PRs do not cause intensity or spectral changes under unpolarized whitelight 
illumination. 
This confinement is experimentally achieved by binding the PRs to a fluid lipid 
membrane. A monolayer composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) at the water/alkane interface was assembled between 
buffer and a thin decane film deposited on a hydrophobic glass substrate (see 
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Figure 3.6 and Supporting Information). A fraction of the brush ssDNAs was 
biotinylated for the purpose of specifically binding of PRs onto the lipid 
membranes. Biotin-phosphatidylethanolamin (biotin-PE) was integrated into the 
lipid bilayer at a concentration of 0.5 mol% to allow for an uncomplicated binding 
of the biotin-functionalized PRs using established biotin-Neutravidin binding 
chemistries.  
 
Figure 3.6 Plasmon Ruler on Two Dimentional Fluid Plane. PRs are confined to a two-
dimensional lipid monolayer assembled on a decane cushion. Fluctuations in the 
interparticle separation of individual PRs result in spectral shifts that are monitored by 
ratiometric imaging. 
The higher viscosity and the additional friction149 associated with the membrane 
decelerates the lateral NP diffusion, typical diffusion constants of D ≈ 0.7 μm2/s for 
56nm individual NPs was obtained. The slope of the PR potential itself and, 
therefore keff, is – as a first approximation – independent of the ambient medium. 
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3.2.2 Validation of Plasmon Ruler Fluctuation Analysis 
In this chapter, the PRs were tracked with a frame rate of 490 frames per seconds 
(fps) in a total view of 40 x 40 μm2. Exemplary Iλ1 and Iλ2 trajectories with 1000 
frames of an individual PR2 are shown in Figure 3.7a. Figure 3.7b and Figure 3.7c 
contain the corresponding R and S trajectories. In the following, S trajectories like 
this one were used to analyze the continuous fluctuations in the interparticle 
separation of individual PRs. 
 
Figure 3.7 Example Trajectory. a) Scattering intensity trajectory of a representative PR1 
recorded with a frame rate of 500 fps simultaneously on the Iλ1 (green) and Iλ2 (red) 
channel. b) and c) show the corresponding R and S trajectories. 
The power spectral density (PSD) of the R trajectory in the log-log plot in Figure 
3.8 falls off with a slope of -0.77, indicating a stationary process with some positive 
long-range autocorrelation (Hurst factor150, H = 0.89). Figure 3.8 also contains a 
plot of the PSD for an individual 80 nm gold NP with comparable scattering 
61 
 
 
intensity as the PR.  The PSD for the 80 nm NP is systematically shifted to lower 
values and remains nearly constant across the investigated frequency range. The 
observed slope of ≈ 0 is characteristic of white noise and indicates a signal with 
rapidly decaying autocorrelation (H = 0.5). The observed differences in the PSDs 
are a first indication of a contribution from interparticle fluctuations in the PR 
signal. 
 
Figure 3.8 PSD of Monomer and PR Trajectories. Power spectral density (PSD) of the R 
trajectory shown in Figure 3.7b (bottom)and an individual 80 nm diameter gold NP (top) 
for comparison. The linear decay of the PSD for the PR in the log-log plot confirms a power 
law dependence. The constant PSD for the individual gold NP is characteristic of a random 
(white) noise process. 
The PR samples always contained some contaminations of monomers or larger 
clusters. Furthermore, some of the dimers were not tethered by a DNA but 
consisted of touching or fused NPs and were, therefore, also not applicable to an 
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optical fluctuation analysis. The PR sub-population (DNA tethered NP dimers) 
were identified based on their characteristic intensity and polarization properties. 
Figure 3.9a shows the distribution of the trajectory-averaged intensities on the two 
monitored wavelength channels and their cross-correlation for approximately 1100 
different PR2 dimers. The clustering of the data around specific intensity values 
indicates the presence of three discrete sub-populations. The lowest intensity peak 
(M) is assigned to the monomer, the next highest intensity peak (PR) to the 
polymer tethered NP dimer. Larger agglomerates and fused NPs form the high 
intensity tails of the distributions. These assignments are consistent with the 
measured polarization properties of the scattered light. After placing an analyzer 
with a fixed polarization in the beam path of the collected light, the anisotropic 
PRs show a much larger variance in R as the more symmetric monomers and larger 
agglomerates (Figure 3.9b). 
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Figure 3.9 Intensity Distribution and Polarization Fluctuation. a) Average intensity 
distribution in the 530 channel (green) and 585 channel (red) for individual scatterers 
diffusing on the lipid membrane after PR binding. The intensities cluster in two distinct 
groups, which are assigned to NP monomers (M) and PRs. Signals in the high intensity tail 
of the distribution are assigned to larger clusters; b) Distribution of spectral variance, 
measured as σ
2
(R), for monomers, dimers and larger clusters diffusing on the membrane 
with a linear polarizer in the detection beam path. The significant higher variance for 
dimers is consistent with the anisotropic shape of the PRs. If the long axes aligns with the 
analyzer axis, the intensity is much higher than for the orthogonal orientation. 
A comparison of the relative intensities on the two monitored wavelength 
channels (λ1 = 530 nm, λ2 = 585 nm) in Figure 3.9a confirms that the relative 
contribution from the red channel is increased in PRs when compared to 
individual NPs due to plasmon coupling. The red-shift is revealed by lower average 
R values for the PRs as indicated in the figure. This electromagnetic coupling and 
the resulting spectral shift form the basis for the PR as molecular ruler in general 
and for the optical quantification of S fluctuations in particular. 
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Plasmon rulers before and after the compaction by highly positively charged 
fourth generation polyamidoamine (PAMAM) dendrimers are monitored and 
compared. The 80nm gold nanoparticles are used as controls in this study as these 
NPs have similar scattering intensities as the investigated PRs but lack signal 
fluctuations due to variations in S. Figure 3.10a contains cumulative distributions 
of the trajectory-averaged R values ( ̅) for PRs before and after compaction with 
dendrimer and the 80 nm NP controls; a red-shift results in more negative R 
values. The distribution of the 80 nm NP controls is only slightly blue-shifted from 
those of PR, confirming that the 80 nm diameter NP LSPR lies in the same spectral 
range as the PR resonances. The large red-shift (= short interparticle separation) is 
obtained for PR after compaction of the DNA tether by dendrimers. 
 
Figure 3.10 R and S distribution of PR before and after dendrimer compaction. Cumulative 
distribution plots of  ̅ (a) and  ̅ (b) for PR, the dendrimer compacted PR and 80nm gold 
NPs. 
In the next step, the derived R(S) conversion in section 3.1.3 was applied to this 
data set to generate the corresponding cumulative probability distributions for the 
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trajectory-averaged S ( ̅) values (Figure 3.10). The average interparticle separations 
(=   ̅) for the PRs are   ̅ ≈ 15.5 nm, which is obtained from these plots as the 
separations where the cumulative probability reaches 50%. For the dendrimer 
compacted PR2,   ̅ ≈ 5.0 nm was obtained, indicative of a complete collapse of the 
DNA tether. 
3.3 Single Molecule Mechanical Sensor 
So far, research in the area of PRs has primarily focused on the characterization of 
the electromagnetic coupling and quantification of the λres(S) relationship
47, 49, 51, 53, 
54, 137-139, 151-155 as well as on their application as biosensors for detecting singular 
changes in the spectral position and/or intensity in the scattering spectra. These 
changes were associated with variations in the average interparticle separation as a 
result of analyte binding,63, 141 hybridization,61, 156-158 or other effects that act upon 
the tether molecule(s).159, 160 A related application is the use of plasmon coupling to 
monitor spectral shifts that occur during endocytosis and trafficking of NP 
targeted at cell surface receptors.161-163 In most cases the monitored spectral 
changes were irreversible, but a few selected studies have also demonstrated the 
detection of reversible events, such as modulation of the salt-concentration 
dependent persistence length61 of the PR tether or the binding and subsequent 
unbinding of an analyte to a PR tether.164 One aspect common to all of these PR 
applications is that they were based on the detection of discrete configurational 
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changes that result in distinct spectral shifts in the time domain. Continuous PR 
signal fluctuations due to thermal variations in S encode, however, additional 
important information about the stiffness of the PR as the effective tether constant 
(keff) is inversely proportional to the variance σ
2(S) of the interparticle separation: 
keff = kT / σ
2(S)   (3.2) 
A systematic analysis of these continuous signals requires new PR imaging and 
analysis strategies that go beyond the detection of singular events. Recently, 
optical fluctuation analysis of long range propagating surface plasmon resonances 
has been introduced as a means to quantify cellular motions on a gold film.165 In 
particular, it is demonstrated that optical fluctuation analysis of PRs in ratiometric 
darkfield microscopy63, 142, 145 facilitates an optical quantification of S fluctuations, 
which provide insight into the interparticle potential, φ, and keff. 
The quantitative S analysis in PRs will improve the conceptual understanding of 
the “tether” in PRs. The physical behavior of the DNA molecule(s) located in the 
nanoconfinement between two highly charged NP surfaces containing a brush of 
other ssDNAs is complex166 and difficult to probe with conventional experimental 
tools. The heterogeneity of tether numbers may broaden the determined keff value 
distribution but does not question the generality of the spectral fluctuation based 
analysis strategy developed in the following. In a first approximation the PRs can 
be described as two particles with diameter d, covered by a polymer brush of 
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thickness t and with zeta potential ζ that are linked by one (or multiple) DNA 
strand(s) generating an effective tether with stiffness keff. The tethered NPs explore 
the interparticle potential φ through thermal motion, and they experience a 
friction described by the coefficient ξ. At any given time, the potential energy for 
an individual PR is proportional to the extension x = |S – S0|, where S0 is the 
equilibrium interparticle separation. Depending on the available thermal energy, a 
PR tether can access a range of interparticle separations and the probability of a 
specific extension x is assumed to scale with the associated potential energy as 
described by a Boltzmann distribution:167, 168 
        
    
    (3.3) 
The goal of this project is to characterize φ through analysis of the continuous 
spectral fluctuations in S at the single PR level for different DNA tethers between 
the NPs and determine the respective keff and S0 values.  
3.3.1 Design of Plasmon Rulers 
Three different PR systems were investigated in this work, which were referred to 
as PR1-3 in the following text. Figure 3.11 provides a schematic overview of the PRs 
used in this work. In PR1 the NPs were tethered by 30 base pairs (bps) long double-
stranded DNAs (dsDNAs), and in PR2 the NPs were tethered by 52 bps long 
dsDNAs. Different from PR1 and PR2, the PR3 tether contained - by design - both 
ssDNA and dsDNA segments. In the PR3 tether geometry 10 nucleotide long 
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ssDNA tails on each side are followed by 20 bps long double stranded segments 
that are connected by a 40 nucleotide long ssDNA bridge. The worm-like chain 
(WLC) model169 predicted end-to-end distances for the DNA tethers used in this 
work are 9.4 nm (PR1), 16.0 nm (PR2) and 15.9 nm (PR3). 
 
Figure 3.11 The Three DNA Tethers. Schematic Drawing of the three types of PR tethers; 
PR1: 30 bps dsDNA; PR2: 52 bps dsDNA; PR3: ssDNA/dsDNA hybrid (see for sequence 
details). 
 Sequence (5’ →3’) 
PR1 Handle 1 HS - TC AGT CGT AGC GTG AGG CTA GAT GAT CGT A  
PR1 Handle 2 HS - TA CGA TCA TCT AGC CTC ACG CTA CGA CTG A  
PR2 Handle 1  HS - AG GCT GGA GGT TGG TTC ACT TCA TAC ATC AAC 
CAC AAG TCT CCT ACA CCT GC 
PR2 Handle 2  HS - GC AGG TGT AGG AGA CTT GTG GTT GAT GTA TGA 
AGT GAA CCA ACC TCC AGC CT 
PR1/2 Matrix 
DNA 
SH - A AAA AAA AAA CTC ACG CTA CGA CTG ACA CC 
PR3 Handle 1 SH –AAA AAA AAA AAG GCT GGA GGT TGG TTC ACT   
PR3 Handle 2 GTG ACT ATG TAA CTG GCT GAA AAA AAA AAA - SH 
PR3 Linker TCA GCC AGT TAC ATA GTC ACG AAT GGA CGC AGG TGT 
AGG AGA CTT GTG GTT GAT GTA TGA AGT GAA CCA ACC 
TCC AGC CT 
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PR1/2/3 HS-
DNA-Biotin 
SH- AAA AAA AAA AGA CCT ACT AAG ACT ACT ACA CAA CCA 
GAG A-biotin 
Table 3.1 Sequence of DNA Tethers.  * DNA sequences are printed with the same color code used 
for the corresponding in Figure 3.11. 
Over 1000 R trajectories were recorded for each for PR1-3. Figure 3.12 shows the R 
and S cumulative distribution of the three PRs investigated. The cumulative 
probability distributions of  ̅ for PR2 and PR3 superimpose, indicating – in good 
agreement with the WLC model predictions – almost identical average 
interparticle separations. Consistent with a shorter interparticle separation in PR1, 
the cumulative distribution of PR1 is red-shifted relative to those of PR2 and PR3. 
Overall, the obtained  ̅ distributions confirm that the chosen ratiometric imaging 
approach can successfully distinguish PRs with different DNA tether lengths. 
 
Figure 3.12 R&S Cumulative Distribution of PR1, PR2 and PR3. 
The R(S) conversion yields   ̅ ≈ 15.5 nm for PR2 and PR3, and   ̅ ≈ 10.7 nm for PR1. 
For PR2-3 the derived interparticle separations lay within 0.5 nm of the WLC 
model predictions, but for PR3 the obtained   ̅ is 1.3 nm longer than the WLC 
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prediction. Previous correlated cryo-EM / dark-field microscopic studies have 
shown that dsDNA tethered PRs can be stretched by electrostatic repulsion 
between NPs at low salt concentrations.140 While no indication for a stretching of 
DNA beyond the zero-force WLC prediction for PR2-3 was found, the larger 
discrepancy between model and experiment for PR1 is consistent with a stretched 
configuration for the short 30 bps dsDNA tether between the NPs. It is emphasized 
that the observed stretching does not necessary arise entirely from the DNA. The 
dsDNA tethers contain carbon linkers (C6 chain lengths) that tether the 
nucleotides to the gold surfaces and an orientation of these linkers could 
contribute to the observed effect.  
3.3.2 Quantification of Spectral Fluctuations. 
Whether the ratiometric tracking approach is sufficiently sensitive to detect 
continuous thermal fluctuations in the interparticle separation was examined in 
the next step. The fluctuations in the signal of individual PRs were quantified as 
the variance of R: 
       
 
 
∑      ̅ 
  
    (3.4) 
where n is the length of the trajectory. The experimentally measured PR 
intensities, Iλ1 and Iλ2, have systematic intensity-dependent contributions from 
different noise sources (dark, read-out and photon noise) as well as from 
fluctuations in S. The variance of any individual Poisson distributed signal 
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increases linearly with intensity, but the behavior of an intensity ratio, such as R is 
more complex. To evaluate the dependence of the variance of R on the total 
intensity in the absence of S-fluctuations, σ2(R) from 80 nm diameter gold NP 
controls recorded at different incident light intensities (gray colormap, Figure 
3.13a) were first analyzed. The plot of the experimental σ2(R) data as function of 
intensity shows a high variance at low intensities that drops off with increasing 
intensity as the signal-to-noise ratio improves. For the analysis of the PR variance 
due to potential S fluctuations, it is important to operate in the intensity regime 
where the σ2(R) vs. intensity relationship of the 80 nm NPs is almost flat. The σ2(R) 
data for PR3 included as blue colormap in Figure 3.13a confirmed that the 
assembled PRs indeed lie in this regime with low instrumental noise. Strikingly, 
although 80 nm diameter NPs and PR3 have comparable spectral and intensity 
properties, the σ2(R) distributions for PR3 and NP control trajectories differ 
significantly. The PRs show on average a much higher variance than NPs with 
identical intensity. This increase in σ2(R) confirms an additional source of 
fluctuations for the DNA tethered NPs that is absent in the NP controls. The 
increase in σ2(R) was attributed to spectral changes associated with fluctuations in 
S. In the subsequent analysis, only PRs that showed significant S fluctuations as 
indicated by a σ2(R) that was ≥ 3 standard deviations (stdevs) higher than the 
average of the 80 nm diameter gold NP controls in the same intensity range were 
included. The inset in Figure 3.13a summarizes the fraction of the recorded 
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trajectories that fulfilled this selection criterion for 80 nm NP controls, PR1-3 and 
PR2 after DNA compaction through dendrimers (+ ddm).  
 
Figure 3.13 Variance of R. a) Variance σ2(R) as function of the trajectory-averaged total 
intensity (Iλ1 + Iλ2) for 80nm gold NPs (gray) and PRs (PR3, blue). The histogrammed data 
are plotted as colormaps as indicated. The inset shows the fraction of trajectories of PR1-3, 
PR2 + dendrimer (ddm) and 80 nm gold NPs controls (no S fluctuations) with σ2(R) values 
that were ≥ 3 stdevs larger than for 80 nm NP controls of comparable intensity; b) 
Cumulative probability distributions of σ2(R) for PR1-3, PR2 + ddm, and 80 nm NP control. 
3.3.3 Probing the PR Stiffness 
According to the equipartition theorem the variance in the end-to-end distance of 
a biopolymer is inversely proportional to keff (Eq. 1). Considering the dependence 
of R on S, the shift of the σ2(R) distribution to larger values in Figure 3.13b implies 
that keff increases in the order PR3 (ssDNA/dsDNA hybrid) > PR2 (52 bps dsDNA) 
> PR3 (30 bps dsDNA) > dendrimer compacted PRs. To further quantify the PR 
stiffness, the extension probability distribution P(x) for the individual PRs were 
calculated from the S(t) trajectories and constructed the interparticle potentials 
for PR1-3 using the logarithmic expression of Eq. 2: 
φ(x) /kT= - ln(P(x))+ C  (3.5) 
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C is an unknown constant. Since the primary goal is a comparative analysis of the 
PR stiffness, which depends on the derivative of the potential, C was adjusted to 
yield φ(x=0) =0. Figure 3.14 plots the resulting φ(x) for representative examples of 
PR1-3. The potentials of PR1 and PR2 are well described by parabolic fits. It is 
concluded that the dsDNA tethered NPs behave – to a first approximation – as 
Hookean springs, characterized by small (2-3 nm) extensions x from the respective 
equilibrium separations S0. For a tether with constant Young’s modulus E and 
cross-sectional area A the force constant is inversely proportional to the tether 
length L: 
     
  
 
 (3.6) 
The higher curvature of the PR1 potential when compared with PR2 is consistent 
with a higher keff for the shorter dsDNA tether.  
 
Figure 3.14 PR Potentials and Stiffness. (a) Representative PR potentials (φ/kT) for PR1-3. 
(b) Cumulative distribution function of the fitted keff  values close to the equilibrium 
separation S0. 
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PR3 potential is broadened when compared with PR1-2. The broadening around 
the equilibrium separation, where the potential is still well described by a 
parabolic fit, results from the lower stiffness of the ssDNA/dsDNA hybrid tether in 
PR3. Different from the potentials of PR1-2, the PR3 has an asymmetric shape at 
larger extensions and opens wider for positive x values. This behavior can be 
understood in terms of the different forces for positive and negative extensions. At 
very short interparticle separations (i.e. large negative extension) the potential in 
PR3 is dominated by the repulsive interactions between the NPs. These 
interactions are determined by the surface coatings of the NPs, which are identical 
for the NPs in PR1-3. In contrast, the potential for positive extensions is 
determined by the PR tether, which differs between the PRs. Since the   ̅ values 
for PR1 and PR2 are close to the contour length of the respective dsDNA molecules 
a further extension is associated with a significant energetic cost and has therefore 
low probability. The central ssDNA segment in PR3 has, however, a much lower 
persistence length (1.5 vs. 53 nm)170, 171 than dsDNA and provides the tether with 
some additional “slack” that allows PR3 to explore longer interparticle separations.  
 
    ̅̅ ̅̅ ̅̅  
[pN/μm] 
γ 
[pN] 
PR1 39500 423 
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PR2 14300 222 
PR3 5400 84 
Table 3.2 Average stiffness     ̅̅ ̅̅ ̅̅  and elastic modulus γ for PR1-3. 
For a systematic comparison of the relative stiffness of all investigated PRs, 
parabolic fits around the potential minima are performed. From the fitted spring 
constants kfit the effective tether constants keff was determined by correcting for 
the residual signal fluctuations from instrumental and detection noise obtained 
from 80 nm NP controls of equal intensity as kcontrol: 
1
    
=
1
    
-
1
        
 (3.7) 
The cumulative keff   distributions for PR1-3 (Figure 3.14b) confirm a decrease in the 
tether stiffness in the sequence PR1 > PR2 >PR3. The averages for keff (    ̅̅ ̅̅ ̅̅ ) and 
the elastic modulus γ are summarized in Table 3.2. The determined γ values are 
significantly smaller than the stretch modulus of dsDNA of γlong = 1000-1500 pN,
171-
175 determined in tweezer pulling experiments with long (thousands of bps) dsDNA 
molecules. I do want to point out that some experimental176, 177 and theoretical 
studies178, 179 have reported that short dsDNAs can be significantly softer (≈ one 
order of magnitude) in the absence of applied forces. The optical fluctuation 
analysis of the PRs does not distinguish between different sources of 
configurational fluctuations, including stretching, bending, rolling of the alky-
chain tethered NPs, to σ2(S) and, instead, provides a measure of the “net” PR 
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stiffness. The measurements show that this stiffness depends on the nature of the 
tether (compare ssDNA vs. dsDNA) as well as the length of the DNA tether 
(compare PR1 (30 bps) and PR2 (52 bps)). Especially, the difference in γ (= keff × L) 
between PR1 and PR2 corroborates the hypothesis that the mechanical properties 
of the tether molecules change as function of confinement in the PR gap. 
3.4 Materials and Methods 
Materials. The following materials were used as obtained from the vendors: 
trichloro(octadecyl)silane (Sigma-Aldrich); 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) (Avanti Polar Lipids Inc.); 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(cap biotinyl) sodium salt (biotin-PE) (Avanti Polar 
Lipids  Inc.); thiol-alkyl-PEG,HS-C11H22-EG6-COOH, EG=OCH2CH2 (NANOCS 
Inc.); PAMAM dendrimer generation 4 (Sigma-Aldrich). All DNA strands are 
purchased from Integrated DNA technologies. 
Assembly of DNA tethered Gold NP Dimers (Plasmon Rulers). Citrate stabilized 
gold NP monomers (56±2.4nm diameter) were synthesized by a Turkevich 
synthesis and then functionalized through a sequential ligand exchange 
procedure.180-182 The gold colloid with a concentration of approximately 9×1010 
particles/mL was first stabilized by addition of bis(p-
sulfonatophenyl)phenylphosphine (BSPP) dipotassium salt at a concentration of 
1mg/mL. The mixture was incubated in a water bath at 45 °C overnight. The 
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particles were then washed once (4,000 rpm, 10 min) by centrifugation and 
resuspension in T20 (20 mM NaCl/10 mM Tris, pH8.0). The final concentration of 
the particles was 3×1012 particles /mL. 
For PR1 and PR2, three different ssDNAs were used. One NP building block for the 
PRs was functionalized with Handle 1 (Table S1), HS-ssDNA-biotin, and a third 30 
nucleotide “matrix” DNA to assemble a DNA brush and passivate all available 
surface sites. The molar ratios of the DNAs was 50:30:20. A total amount of 1 μL of 
100 μM ssDNA mixture was added into each centrifuge tube containing 30μL NP 
solution and incubated overnight at room temperature. The second NP was 
incubated with Handle 2, HS-ssDNA-biotin and matrix DNA (DNA ratio 1:30:69). 
In order to obtain NP dimers with reasonable yield and, at the same time, reduce 
the probability of multiple tether formation in the PRs, NPs were functionalized 
with a high surface concentration of DNA Handle 1, but the surface concentration 
for Handle 2 was lower. In all cases 1 μL of 10 mM thiol-alkyl-PEG-COOH was 
added into each tube after the DNA functionalization and incubated overnight to 
further stabilize the gold NPs.  The functionalized NP monomers were washed 
three times by centrifugation (4,000 rpm, 10 min) and resuspension in DDI water 
followed by one wash in T90 (90 mM NaCl/10 mM Tris, pH8.0). The two flavors of 
monomers with complementary strands were then combined to anneal overnight 
at room temperature. 
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For PR3, a third ssDNA linker was used to form tethers, and the procedure was 
slightly altered. After passivation with BSPP and redispersion in T20, both handles 
were mixed with biotinylated HS-ssDNA (70:30 molar ratio). After 
functionalization with DNAs and PEGs, the particles were washed three times with 
water and one time with T90. 1 μL of 1 μM linker ssDNA solution was added to 
each tube of NPs with handle 1 and annealed overnight. The particles were washed 
four times with T90 before they were combined with Handle 2 functionalized NPs.  
The gold NP dimers were purified by electrophoresis in a 1% agarose gel in 0.5x 
TBE Buffer under 120V voltage for 40 minutes.180 The dimer band cut out of the gel 
is submerged in a small volume of T50 (50 mM NaCl/10 mM Tris, pH8.0) buffer.  
Lipid Membrane Assembly. 1x1 cm2 quartz chips were cleaned by piranha solution 
before silanization. Chips were submerged in 2mM trichloro(octadecyl)silane 
solution in hexane and carbon tetrachloride (80/20 v/v) for one hour at room 
temperature. After silanization, the chips were rinsed with an excess of acetone 
and baked at 80°C for one hour. Subsequently, the chips were stored in a 
desiccator until further use. 
The lipid chloroform solution containing 99.5% POPC and 0.5% (w%) biotin-PE 
was rotary evaporated and dissolved in decane to obtain a final concentration of 
2mg/mL. A silanized substrate chip was first mounted on a 3x1 inch2 plastic slide 
and submerged in T50 (50 mM NaCl/10 mM Tris, pH8.0). 2 µL lipid decane 
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solution was then applied directly onto the hydrophobic quartz substrate surface. 
An air bubble was introduced and scanned across the whole substrate surface for 
three times to form a uniform layer of decane covering the whole substrate. A lipid 
monolayer was formed through lipid self-assembly. A home-made chamber top 
was then assembled onto the 3x1 inch plastic slide to form a flow chamber 
adaptable to operation in a microscope.  
Prior to plasmon ruler sample loading, 0.5 mL of 0.2 mg/mL NeutrAvidin in T50 
was flushed into the flow chamber and incubated for 10 min to allow PR binding to 
biotin-PE contained in the lipid monolayer.  Unbound protein was then flushed 
out with excess T50 buffer. A dispersion of plasmon rulers (approximately 10 pM) 
in T50 was flushed into the chamber and incubated for 10 min before it was 
flushed out with T50. In some experiments 6 pM G4 PAMAM dendrimer in T50 
was flushed into the flow chamber to compact the plasmon rulers diffusing on the 
lipid membrane. 
Optical Characterization. Darkfield experiments were performed with an Olympus 
IX71 inverted microscope. A 100 W tungsten burner was used as illumination 
source. The samples were illuminated through an oil darkfield condenser (NA 1.2-
1.4). Scattering signals from plasmon rulers in the sample plane were collected 
with a 60× oil objective (Olympus RMS60X-PFOD) with NA 0.65.  The signal was 
further magnified by a 1.6× lens and then split into two beam paths (530 nm 
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channel and 585 nm channel) using a dichroic mirror and two bandpass filters. 
The signal of each channel was collected on a separate electron-multiplying charge 
coupled devices (EMCCDs). Andor IxonEM+ detectors with a maximum detection 
area of 40 x 40 μm2 and a resolution of 128×128 pixels are used. The two cameras 
were triggered to start simultaneously with an external pulse generator.  
Data Processing and Controls. Darkfield movies were recorded from 5-20 different 
locations within one chamber. The movies were 20s in length and typically include 
tens of plasmon rulers in each movie. The raw intensity data of each particle in 
each frame of each channel was fitted with a three dimensional Gaussian peak 
whose volume was used as the particle intensity by a home written Matlab code.50 
80nm gold NPs were used as control and measured the dependence of σ2(R) to the 
signal intensity by systematically varying the incident light intensity. The 80nm 
NPs were functionalized using matrix DNA and HS-ssDNA-biotin (70:30 molar 
ratio) and measured on a self-assembled membrane using identical experimental 
procedures as for the PRs. A total of 23,000 trajectories of various signal intensities 
were collected. The σ2(R) values for NPs recorded at different intensities were 
histogrammed (total intensity bin size 3000 a.u.) and fitted to a normal 
distribution within each bin. Only the PR whose variance was at least three 
standard deviations (>99.7%) higher than the NP control in the respective 
intensity bin are included. 
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FDTD simulations. The numerical simulations of gold dimers were performed by 
finite-difference time domain (FDTD) calculations using the commercial software 
Lumerical. All models were analyzed in a homogeneous medium with refractive 
index n=1.33 using literature reported dielectric function of gold.183 The 
longitudinal and transverse resonance modes for dimers with different 
interparticle separations were simulated with incident light polarizations parallel 
or perpendicular to the long dimer axis. The scattering cross section was calculated 
as the average of these two modes and multiplied with the spectrum of the light 
source to simulate experimental scattering spectra under current experimental 
condition. The R values of individual Plasmon Rulers were calculated by 
integrating their simulated scattering spectrum in each color channel. The 
simulations show that the R(S) dependence is relatively insensitive to the width of 
the bandpass filters used for ratiometric imaging. We, therefore, choose a wide 
bandpass filter width of approximately 40 nm to optimize signal-to-noise ratios. 
Experimental Calibration. Calibration dimers were assembled on an ITO coated 
glass support using a template guided self-assembly approach.50 The samples were 
immersed in water and the R values of the dimers were subsequently measured 
using the ratiometric imaging setup described above. After that, the interparticle 
separations of the imaged surface-bound dimers were obtained from their 
inspection in the SEM.  
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Calculation of PR Potentials. Each individual trajectory was converted into a PR 
potential through the following steps. Each S trajectory was first converted into an 
extension (x) trajectory by subtracting the equilibrium separation    ̅̅̅  . The 
probability distribution P(x) was then obtained by histogramming the x values of 
individual trajectories and dividing by the number of frames in the trajectory. The 
potentials shown in Figure 3.14a was constructed using Eq. 5 φ(x)/kT = -
ln(P(x))+C. Since the primary goal is a comparative analysis of the PR tether 
stiffness, which depends on the derivative of the potential, C was adjusted to yield 
φ(x=0) =0. Since the potentials were well described by parabola fits, especially at 
small displacements from the equilibrium point x=0, the plasmon ruler potentials 
is treated as Hookean spring and fit the lower part of each potential with equation 
φ(x) = ½ kfit x
 2, generating a kfit for each PR. 
83 
 
 
Chapter 4 TAILORING PLASMON COUPLING IN PLASMONIC MOLECULES 
While the optical properties of individual noble metal NPs are remarkable, 
assembling plasmonic atoms into plasmonic molecules can enable further 
fascinating properties. The exact near- and far-field properties of an individual 
plasmonic molecule depend not only on the interparticle separation,47, 52-57 but also 
on its size35 and geometry.58, 59 In this chapter, the scientific investigation focus on 
the near- and far-field response of one-dimensional chains of Au nanoparticles 
(NPs) fabricated with high structural control through template-guided self-
assembly. It is demonstrated that the density of polyethylene glycol (PEG) ligands 
grafted onto the NP surface, in combination with the buffer conditions, facilitate a 
systematic variation of the average gap width (g) at short separations of g<1.5nm. 
The overall size (n) of the cluster was controlled through the template. The ability 
to independently vary n and g allowed for a rational tuning of the spectral 
response in individual NP clusters over a broad spectral range. This structural 
control is used for a systematic investigation of the electromagnetic coupling 
underlying the superradiant cluster mode. Independent of the chain length, 
plasmon coupling is dominated by direct neighbor interactions. A decrease in 
coupling strength at separations around and below 0.5nm indicates the presence 
of non-local and/or quantum mechanical coupling mechanisms. 
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4.1 Nanoparticle Cluster Arrays: Concept and Fabrication 
 
Figure 4.1 Capillary Force on Nanoparticles. Reprinted with permission  from ref. 184.  
Copyright 1994 American Chemical Society 
The strategy for creating clusters of strongly coupled NPs at pre-defined locations 
is outlined in Figure 4.2. EBL is not used to directly write the plasmonic structure 
but to create a mask, which defines locations for the subsequent self-assembly of 
PEG-functionalized NPs. The size and shape of the assembly site determines the 
NP cluster configuration obtained in this process.58 The PEG ligands grafted to the 
NP surface play a dual role in this strategy since they stabilize and direct the NPs 
in an electrostatically guided self-assembly146 approach and, at the same time, act 
as spacers between close-packed NPs on the assembly sites. Relatively short 
thiolated polyethyelene glycols (PEGs) of the form HS-(CH2)11-(EG)6-OCH2-COOH 
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are used as spacers, since they assemble into a dense brush on the surface of gold 
NPs. 
 
Figure 4.2 Assembly Flow Chart. Schematic flow chart of the template guided self-assemble 
approach used for fabricating NCAs. 
Due to their negative surface charge in pH8, the NPs assembled efficiently into the 
polylysine-treated (and thus positively charged) trenches generated by EBL in a 
PMMA film.  
4.2 Tailoring Plasmon Coupling of One-Dimensional Plasmonic Molecules 
Due to their high symmetry, one-dimensional (1D) NP clusters (or chains) are 
important model systems for elucidating the short- and long-range coupling 
mechanisms in NP clusters.185-187 Additional interest in these nanostructures stems 
from the fact that propagating surface plasmon polaritons (SPPs) can be launched 
into these nanostructures creating a directed energy transfer along the chain.23, 188 
86 
 
 
Although NP chains have been intensely studied by several groups151, 185-193 for 
almost two decades, the full potential of these materials is still yet to be realized. 
One significant challenge in the field is that even with state-of-the-art 
nanofabrication techniques it remains hard to vary g in the range of strong 
electromagnetic coupling in a rational fashion. With electron beam lithography 
(EBL), for instance, which has a resolution limit of ~5 nm, it is very difficult to 
realize gap separations below 10nm reliably. This fabrication challenge is overcome 
by assembling polyethylene glycol (PEG) functionalized NPs into lithographically 
defined assembly sites, which pattern the formation of closely packed 1D NP 
clusters. The average g in the clusters depends on the PEG ligand density and 
buffer conditions. This approach is used to systematically characterize the 
interplay between g and cluster size (n) in determining the collective 
electromagnetic response in the regime of electromagnetic strong coupling. 
4.2.1 Predictions by Simulation 
In a first step, simulations were used to profile the near- and far-field response of 
one-dimensional 40nm (diameter) gold NP clusters of defined size as function of 
gap width in the range of g=1-5nm. The minimum separation was limited to 1nm in 
these calculations since classical electrodynamic GMT simulations cannot be 
reliably used for shorter separations due to increasing importance of non-local and 
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quantum effects at very short separations.194-196 In Figure 4.3a, the normalized 
spectral shift based on the calculated simulated scattering cross sections is plotted: 
       
      
  
                 (4.1) 
where     is the fitted peak wavelength for a cluster as function of n and g, and    
is the resonance wavelength of the non-interacting individual 40nm gold NPs. The 
LSPR red-shifts with decreasing g and increasing n, but the change in        
calculated between n+1 and n decreases with growing n in the investigated size 
range n=2-7. This convergence in the spectral shift is consistent with earlier 
observations in two-dimensional (2D) NP clusters35, 58, 146 as well as with previous 
studies197 on NP chains and can be easily rationalized by the fact that plasmon 
coupling is a nearest neighbor interaction. The latter has also pronounced effects 
on the near-field response as a function of n. In Figure 4.3b the calculated peak 
near-field intensity enhancements, |E|2/|E0|
2, is plotted as function of n and g. E-
field intensity enhancements were evaluated at mid-point of the central cluster 
gaps, where the enhancements were highest. |E|2/|E0|
2 shows a local maximum at 
n=4 in strongly coupled NP chains with short separations, g<3nm. This maximum 
is intuitively understood as compensation of two size-dependent effects. Plasmon 
coupling along the chain enhances the net dipole field along the chain axis and 
thus amplifies the coupling between the individual NP in the cluster but it also 
increases the mode volume of the hybridized mode with growing n. Consequently, 
the delocalization of the field results in a slight net decrease in peak E-field 
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intensity in 1D NP clusters with n>4. This is illustrated in Figure 4.3c, where the E-
field intensity maps for the superradiant resonance modes (effective dipole fields 
in all NPs are aligned) of n=4 and n=5 are compared. It is emphasized, however, 
that the relative difference in peak E-field intensity is modest and that the E-field 
intensity enhancement remains high for larger cluster sizes.  
 
Figure 4.3 GMT Simulation Results. GMT simulated normalized spectral shift S (a) and peak 
near-field intensity enhancement (|E|
2
/|E0|
2
) (b) as function of cluster size (n) and 
interparticle separation (g). (c) Near-field intensity enhancement maps calculated at the 
wavelength of peak enhancement for n = 4 (top) and n = 5 (bottom). Insets show 
enlargements of the hottest-spots in the two clusters with rescaled (|E|
2
/|E0|
2
) color map. 
The performed numerical simulations, which are in qualitative agreement with 
recent analytical analyses of similar plasmonic systems41, 198, 199 confirm a sensitive 
dependence of    and |E|2 on both n and g in the range of classical strong 
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electromagnetic coupling. To take full advantage of this tunability in real 
plasmonic materials, fabrication approaches are required that provide control of n 
and g, ideally, in clusters with interparticle separations below the EBL limit of 
~5nm. 
4.2.2 Effect of Cluster Size on the Far-field Scattering Spectra 
The length of the trenches was varied between 90nm and 500nm in order to 
pattern different cluster sizes. SEM images of assembled 1D NP clusters are shown 
in Figure 4.5. The scattering spectra of individual NP clusters under oblique 
whitelight illumination in a conventional darkfield microscope are recorded. 
Before the scattering spectra were recorded, each individual cluster was first 
inspected under the scanning electron microscope (SEM) to determine its 
morphology and cluster size n. The acceleration voltage of SEM in these 
experiments was chosen sufficiently low (1.5keV) to avoid any structural 
modifications of the NP clusters that could affect their light scattering properties. 
As expected for these strongly anisotropic clusters, the resonance wavelength of 
the longitudinal mode is strongly red-shifted relative to the vertical mode (Figure 
4.4). It is found that the NPs were preferentially organized into clusters with very 
close particle contacts. This clustering was ascribed to a self-focusing effect due to 
capillary forces in the trenches.184, 200 Consistent with the performed simulations, it 
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is observed that the magnitude of this red-shift increases with n for clusters 
generated under identical assembly conditions (Figure 4.5). 
 
Figure 4.4 Scatttering of a 1D Plasmonic Molecule. 
 
Figure 4.5 Effect of Cluster Size on Plasmon Resonance. Scattering spectra and 
corresponding SEM images of 1D clusters of various sizes. *Monomer (black) and dimer (red) 
spectrums are processed by 9 point sliding average. 
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The broad spectral tunability of plasmonic cluster pixel is further illustrated by the 
SEM of one-dimensional nanoparticle clusters, optical images and corresponding 
elastic scattering spectra of their arrays (Figure 4.6. By variation of the 30 nm 
diameter silver nanoparticle chain length between 1 and 8 nanoparticles, the 
plasmon resonance can be tuned throughout the entire visible with high 
uniformity. Silver nanoparticle spherical clusters and gold nanosphere linear 
clusters exhibit a similar behavior in the green to red spectral range (Figure 4.7). 
 
Figure 4.6 Colors of Silver Nanoparticle Chains. SEM of 30nm silver nanoparticle linear 
clusters of various lengths, digital camera pictures and spectrum of their arrays over a 
large area in the polarization direction of long axis. Scale bars are 100nm and 5µm 
respectively. 
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Figure 4.7 Isotropic Clustering of Silver and Gold Nanospheres. a) SEM pictures of spherical 
clusters of 30nm silver nanoparticle and the digital camera pictures of their arrays; b) 
digital camera pictures of spherical clusters of 55nm gold nanoparticle arrays. 
4.2.3 Effect of Interparticle Separations on the Far-field Scattering Spectra 
The interparticle separation plays a crucial role for the transfer efficiency along the 
chain, and it was shown that a minimization of gap width (g) facilitates a 
reduction of radiative losses due to efficient excitation of subradient collective 
modes.188 Similarly, the intriguing effect of cascaded field enhancement in 
resonant nanoparticle clusters requires short interparticle separations.201, 202   
Two control parameters were used to tune the NP separation in the assembled 
chains. The brush thickness was varied by controlling the PEG surface 
concentration, and the Debye screening length was varied through choice of the 
electrolyte concentration in the buffer used during the assembly. NPs with two 
different PEG surface concentrations were obtained by incubating 40 nm (nominal 
diameter) citrate stabilized NPs with an aqueous solution of PEGs in the molar 
ratios NP:PEG 1:5×107 and 1:5×106 for 24h. These two NPs were referred to as NPHC 
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and NPLC in the following. The hydrodynamic radii of these particles were 37nm 
(NPHC, PDI=0.236) vs. 33nm (NPLC, PDI=0.248) in T100 (100mM NaCl, 10mM 
Tris·HCl, pH8) and T40 (40mM NaCl, 10mM Tris·HCl, pH8). The average zeta 
potentials were   = -45mV and -42mV for NPHC in T40 and T100, respectively. For 
the NPLC in T100,   = -24mV is obtained. 
The spectral position of the superradiant mode in a chain of NPs depends on both 
n and g. For clusters of known size, elastic scattering spectroscopy is a uniquely 
useful tool for quantifying systematic differences in g in clusters assembled from 
NPs with different surface ligand concentrations and/or buffer salt concentrations. 
It is hypothesized that it was possible to modulate the intracluster coupling 
through the PEG brush density on the NPs and the screening length (  ) of the 
buffer. Increasing brush density and    are anticipated to lead to higher 
interparticle repulsion and, thus, larger interparticle separations during the NP 
assembly. To test this hypothesis, the peak plasmon resonance wavelength in 
clusters assembled from NPHC and NPLC in T100 (  =1.52nm) and from NPHC in T40 
(  =0.96nm) are monitored. 
Figure 4.8 summarizes the experimentally determined normalized spectral shift   
for NP clusters in the size range n=1-7. All of the experimental   relationships show 
initial red-shifts with increasing n for small cluster sizes that converge at n≈4, as 
predicted by the GMT simulations. The   relationships obtained for the three 
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different experimental conditions differ, however, in their slopes and the 
asymptotic saturation values     . The slopes and       values vary with changes 
in PEG brush density and ionic screening in the following order: (NPHC; T40) < 
(NPHC; T100) < (NPLC; T100). This finding confirms that PEG ligand density and 
ionic strength allow for a systematic variation of the plasmon coupling in the chain. 
 
Figure 4.8 Effect of Interparticle Seperation.  Experimental normalized spectral shift S as 
function of cluster size (n) and interparticle separation (g).  
To verify that the observed spectral differences for the different experimental 
conditions indeed arose from systematic differences in the interparticle separation, 
I took advantage of the flexibility of the template guided self-assembly that allows 
patterning of NP clusters on a wide range of substrates and fabricated NP chains 
on Si3N4 membranes (see Methods), which are transparent for the electron beam. 
The latter facilitates a systematic characterization of the interparticle separations 
in 1D NP clusters through high-resolution transmission electron microscopy 
(HRTEM) (Figure 4.9a). The interparticle separations in non-touching gap 
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structures are determined from the TEM images. The raw data was fitted with a 
Gaussian function, in which three standard deviations comprised 99.7% of the 
data, to remove outliers. The resulting distributions are plotted as cumulative 
probability plots in Figure 4.9b. Consistent shifts confirm that the observed 
spectral shifts in Figure 4.8a are correlated with systematic increases of the 
interparticle separations. The average interparticle separation (cumulative 
probability of 0.5) increases for the clusters fabricated on Si3N4 membranes from 
g=0.37nm in the case of (NPLC; T100) over 0.53nm for (NPHC; T100) to g=1.08nm for 
(NPHC; T40). I also performed Student’s t tests for the distributions in Figure 4.9b 
and found that differences between the distributions were highly significant (p < 
1.76x10-4). 
 
Figure 4.9 Measurement of Gap Size through HRTEM. a) High resolution TEM pictures of 
1D clusters formed from NPNC in T40 buffer, scale bar represents 50nm. (b) Cumulative 
probability plots for the interparticle gap distributions obtained under three different 
experimental conditions: blue = (NPLC; T100); red = (NPHC; T100); black = (NPHC; T40). 
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4.3 Quantifying the Coupling Range of Strongly Coupled Nanoparticles in 
Chains 
The spectral shift,   , obtained for the different experimental conditions is found 
to be well described (Figure 4.10) by a function of the form:185, 203 
      
        (4.2) 
Harris et al. introduced m as a characteristic length, defined in units of chain 
periods, of electromagnetic coupling in a plasmonic NP chain.185 The experimental 
m values for the clusters investigated in this work lie in the range of 1.6–2.3 and, 
thus, confirm that electromagnetic next-neighbor interactions dominate the 
plasmon coupling in the chain. A strong localization of the electromagnetic 
interactions in the chain is in excellent agreement with the previous theoretical 
investigations, which predicted m≈2.0 in the relevant g-range.185 From the 
experimental studies it is found that m systematically decreases with decreasing g. 
The median interparticle separations for (NPLC; T100) and (NPHC; T100) are already 
close to the separation range where non-local194 and and/or quantum plasmonic 
effects195, 204 have been shown to be relevant for Au NP dimers. The measured 
decrease in m is consistent with a reduced interparticle coupling in the NP chain 
due to non-negligible contributions from non-classic electromagnetic coupling at 
short separations. 
97 
 
 
 
Figure 4.10 Natural log of the peak shift ratio versus the inverse of cluster size (l/n). 
4.4 Materials and Methods 
GMT Simulations. The simulations were performed with the open source-code 
MSTM 2.2.205 The maximum multipolar order in the series expansion of the vector 
spherical harmonics was determined by the default convergence criterion. The size 
of the particles was assumed to be 20 nm in radius and g was identical for all gaps 
of one cluster. For the far-field simulations, an incident angle of 48° is assumed to 
take into account of the numerical aperture of the microscope. The spectra were 
averaged over two polarizations (along and perpendicular to the long dimer axis). 
In the near-field simulations the polarization of the incident light pointed along 
the long cluster axis. All simulations were performed with a refractive index of nr = 
1.5. 
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Particle Preparation. 1mL commercial citrate stabilized 40nm Au particles in 
aqueous solution (British Biocell International) were mixed with 5µL 1% or 0.1% 
(v/v) HS-C11H22-EG6-COOH (PEG, EG=OCH2CH2) and incubated 24h to obtain 
PEG functionalized particles NPHC and NPLC, respectively. The particles were 
cleaned by centrifugation and resuspended in a 10mM Tris·HCl buffer (pH=8.0) 
containing 40 or 100mM NaCl. Hydrodynamic radii of NPs were measured using a 
Malvern NANO-ZS90 Zetasizer at 25°C. 
Self-Assembly of 1D Clusters. A layer of Poly(methyl methacrylate) (PMMA) was 
spin-coated on a quartz substrate and then patterned with a Zeiss SUPRA 40VP 
SEM equipped with Raith beam blanker and a nanopattern generation system 
(NPGS). 40nm wide trenches of different length (90nm-500nm) were generated. 
The pattered quartz substrates with PMMA mask were incubated with a 2% (w/w) 
poly-lysine solution for 2h and then washed with water. A drop of the 
concentrated Au particle solution (7nM) was place on top of the patterned 
trenches and moved across the surface along the direction of trenches for 50 times 
with an air stream. The remaining NP solution was then washed away with water. 
After the samples were dried, the PMMA layer was stripped off the substrate using 
double side tape (UltraTape #1510).  
Darkfield Scattering Characterization of NP Clusters. Scattering spectra were taken 
with an upright microscope (Olympus BX51 WI). The samples were illuminated 
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through an oil darkfield condenser (NA 1.2-1.4). The signal was collected with a 
60X air objective lens (Olympus LUCPLFLN, NA 0.7) and spectra were recorded by 
a spectrometer (Andor SR303i) equipped with a CCD camera (Andor DU401-BR-
DD). Spectra were background corrected and normalized by the excitation profile 
of the white light source (100W tungsten halogen lamp). Multiple clusters in one 
binding site led to separated spectral peaks and were omitted from analysis.  
TEM Sample Preparation. TEM grid with 20nm Si3N4 membrane (SPI 
Supplies/Structure Probe, Inc.) was spin-coated with a layer of PMMA and 
patterned with the same procedure as described above. Approximately 100 clusters 
were evaluated for each condition on a JEOL JEM 2010 HRTEM with 200kV HT and 
100kX magnification. Not all gaps were resolvable in 2 dimensional TEM images; 
unresolvable gaps were not included in the data analysis. 
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Chapter 5 SWITCHABLE MULTICHROMATIC PLASMONIC PRINTING 
Noble metal nanostructures sustain resonant charge density oscillations 
(plasmons), which give rise to unique near- and far-field properties across the 
entire visible range of the electromagnetic spectrum. The spectral positions of 
these resonances depend on the chemical nature of the metal , the size and shape 
of the nanoparticles and can be further modified by integrating the nanoparticles 
into plasmonic “molecules”. These nanoscale plasmonic particles (“atoms”) and 
clusters (“molecules”) have tailorable spectrum according to their material, size, 
shape and clustering structure, as well as negligible sizes comparing to the 
wavelengths, which makes them ideal non-bleaching, deeply subdiffraction limit 
pixels of unprecedented spectral tunability of plasmonic printing. Additionally, the 
anisotropic plasmonic atoms and molecules enable an active switching of colors by 
choice of light polarization In this chapter, a sequential directed self-assembly 
technology was used to integrate three types of common plasmonic atoms: gold 
nanospheres, gold nanorods and silver nanospheres into patterns composed of 
vivid and switchable full-spectrum plasmonic pixels. It is show that switchable 
multichromatic plasmonic pixels facilitate the encoding of complex spectral 
responses with high relevance in security tagging and high density optical data 
storage. 
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5.1 Plasmonic Printing 
The drive towards increased resolution in image sensors and displays has spurred 
interest in plasmonic nanostructures to achieve a significant further decrease in 
size in next generation color detecting or emitting units. Furthermore, the ability 
to encode complex color patterns on a small footprint makes plasmonic 
nanostructures, arrays and metasurfaces interesting for cryptographic applications, 
for instance to generate security tags or steganography with much smaller feature 
sizes than is possible with conventional holographic techniques. The current 
strategies for generating plasmonic colors can be subdivided into two main 
strategies: structural color206 and pixel based approaches. The former include 
wavelength-selective extraordinary transmission through nanohole207-210 or 
nanoslit arrays,211 diffractive coupling in nanoparticle arrays,212-215 interference-
based shaping of transmission and reflection in guided-mode resonance filters216, 217 
or metal-insulator-metal devices.218, 219 Structural color is an intrinsic photonic 
effect and, therefore, still requires feature sizes of a few microns. Due to the large 
optical cross-section of metal nanoparticles, much smaller feature sizes are 
possible using individual nanoparticles (plasmonic “atoms”) and small plasmonic 
“molecules” as color determining pixels.81, 220 In pixel-based plasmonic color 
printing diffraction-limited images with a resolution of ~100,000 dots per inch are 
possible,81 and the polarization dependent spectral response of anisotropic 
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nanoparticles allows the generation of active color pixels that encode different 
chromatic behaviors, depending on the polarization of the incident light.221 
5.2 Plasmonic Nanopixels Based on Plasmonic Atoms or Molecules 
Despite the impressive accomplishments so far, plasmonic printing with pixels 
generated from metal evaporation and lift-off process are intrinsically limited to 
structures of uniform thickness of only one type of metal, commonly gold or 
aluminum. Although it is possible to create vivid colors throughout the visible 
with one nanoparticle building block through diffraction based approaches, but 
these approaches require relatively large pixel sizes and cannot provide the same 
data density as truly nanoscale pixels. 
5.2.1 The Plasmonic Nanopixel Color Coordinate System 
The scattered color from plasmonic atoms is dependent on their material, shape, 
size and dielectric environment. For instance, while gold nanospheres below 50nm 
have resonance in the green, larger gold spheres will show redshift in the 
scattering. By changing the gold sphere into anisotropic shapes such as rods or 
prisms, depending on the aspect ratio, the color from green to red can be covered. 
Silver nanospheres scatter blue light, and similarly to gold, by changing its size and 
shape, the whole visible range can be covered by various silver nanoparticles. For 
demonstration purposes, the experiments are limited to the visible range but it is 
mentioned here that pixels in the UV or IR range can also be fabricated with the 
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same approach using aluminum nanoparticles or very high aspect ratio silver and 
gold nanoparticle. 
Besides the intrinsic optical properties of these plasmonic “atoms”, the plasmonic 
“molecules” constructed by clustering of individual nanoparticles experience 
plasmon coupling which causes resonance redshift as a function of the overall 
cluster size and the interparticle distance, which gives additional sources of 
freedom for color manipulation. Because of the small sizes of these plasmonic 
“atoms” and “molecules”, which are almost negligible comparing with the 
wavelengths in the visible range, these plasmonic pixels are not limited in 
theoretical spacial resolution because the resolution is primarily limited by the 
diffraction limit. (Figure 5.1) 
 
Figure 5.1 Spacial Resolution of Nanopixels. The plasmonic nanopixels arrays composed of 
55nm gold nanospheres of various spacing. 
Figure 5.2 illustrates the overall approach of continuously tuning the plasmonic 
pixel response over a broad spectral range through choice of composition 
(gold/silver), nanoparticle size, shape and clustering. First, a nanoparticle building 
block is chosen whose chemical nature, size and shape determine its resonance 
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wavelength. These resonance wavelengths can be further modulated by the 
plasmon coupling effect in well-defined clusters composed of these monomers. 
 
Figure 5.2 The plasmonic nanopixels color coordinate system. 
5.2.2 Selective Binding through Template-Guided Self-Assembly 
It is show in the following that template-guided self-assembly (or directed self-
assembly) is a viable strategy to achieve the integration of nanoparticles from 
different materials, sizes and shapes into pre-defined locations with well-
controlled morphologies in one image, significantly broadening the color range of 
individual plasmonic pixels. 
The strategy to generate morphologically and compositionally well-controlled 
nanoparticles and their clusters with nanoscale precision at pre-defined locations 
is based on a directed self-assembly strategy using shape-selective binding sites 
generated in a sacrificial photoresist. Only nanoparticles with the matching 
size/geometry or smaller dimensions “fit” into a given binding site.50, 214 
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Consequently, incubation of the pattern with nanoparticles in the sequence of 
decreasing size achieves a selective immobilization of the nanoparticles at 
predetermined locations. 
In this work electron beam lithography (EBL) was used to pattern the photoresist 
but other methods such as deep UV lithography or hot embossing can be used, as 
well. After the generation of the pattern, the binding sites were treated with 
polylysine to charge them positively. All nanoparticles used in this work were 
pegylated with HS-(CH2)11-(OC2H4)6-OCH2-COOH and, therefore, negatively 
charged at pH = 8.0. Attractive Coulomb interactions between the negative 
nanoparticles and the positive surface immobilized the nanoparticles once they 
entered the binding sites. To optimize the filling efficiency and to achieve a close 
packing, a meniscus force with a component towards the substrate was applied 
onto the nanoparticles by flowing a nanoparticle solution back and forth over the 
patterned surface using a mild air stream from a rubber dust blower. As a 
demonstration, five different types of binding sites --120×55nm, 120×40nm and 
120×30nm rectangular binding sites, 55nm and 30nm round binding sites –were 
designed to assemble three types of nanoparticles – 55nm gold nanospheres, 
90×40nm gold nanorods and 30nm silver nanospheres – in the decreasing 
sequence of their shortest axis (Figure 5.3). The 55nm gold nanospheres can only 
fill the binding sites of 55nm and larger. The 120×55nm rectangular binding site 
can contain two 55nm gold spheres thus would facilitate the formation of closed 
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packed gold dimer. After all the 55nm binding sites are occupied, a drop of gold 
nanorod solution was placed on the pattern. The nanorods cannot enter the 
occupied 55nm binding sites and is too big for the 30nm binding sites. Thus they 
will primarily enter the 120×40nm binding sites. At last, when silver nanosphere 
solution is applied, it will fill the remaining empty 30nm round biding sites and 
the 120×30nm binding sites to form trimers. The filling efficiency increases with 
the binding site size and the binding accuracy decreases when the difference 
between nanoparticles decreases. The sample was then observed on a darkfield 
microscope under whitelight illumination. It is mentioned in passing that the 
selective binding process consumes little nanoparticles in colloidal solution. The 
colloidal solution can be re-used for multiple binding experiments. This helps to 
conserve the valuable noble metal materials. 
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Figure 5.3 Sequencial Directed Self-Assembly. Schematic drawing of nanoparticles of 
different materials, shapes integrated onto one image area via template guided self-
assembly approach. 
Figure 5.4 shows optical images and corresponding SEM images of 3x3 pixels of 
(from left to right) 30 nm silver nanospheres, linear trimer of 30 nm spheres, 55 nm 
gold nanosphere, dimer of 55 nm gold nanosphere and 90x40 nm gold nanorod 
obtained on the same substrate through the template guided self-assembly 
approach. The period of the pixels in the array is 600 nm; optical images of the 
same arrays over a large area (20 µm × 20 µm) are also provided in Figure 5.4. At 
the chosen period the individual clusters are still clearly recognized as individual 
spots, ruling out the presence of far-field interference (Figure 5.1) and confirming 
that the perceived color is generated from the diffraction limit pixels, as defined by 
their composition, size, shape and agglomeration status. The silver sphere, gold 
sphere and gold rod scatter the three basic color of blue, green and red, the silver 
linear trimer and gold dimer show the intermediate cyan and yellow. 
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Figure 5.4 Plasmonic Nanopixels. SEM and digital camera pictures of plasmonic nanopixels 
assembled on a same substrate via sequential assembly.   
Figure 5.4 Plasmonic Nanopixels. also demonstrates the exquisite polarization 
dependence of the scattering signal for anisotropic one-dimensional silver and 
gold nanoparticle clusters as well as gold nanorods. A switch of the polarization by 
90° from the long to the short scatter/cluster axis induces obvious spectral changes 
from green to blue (silver trimer) ,from orange to green (gold dimer) and from red 
to green (gold nanorod). Please note here that the incensement in size of scatters 
with same composition and shape leads to a mild red shift of color. A spectral 
analysis (Figure 5.5) reveals a peak resonance of 535 nm for the 40nm wide gold 
nanorods transverse mode compared with 555 nm for the 55nm gold nanosphere. 
On the other hand, the optical responses of the isotropic gold and silver spheres 
are independent of the light polarization. 
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Figure 5.5 The size dependency. Scattering spectrum of arrays of 55nm gold nanospheres 
and 90×40nm gold nanorods in the transverse mode. 
5.2.3 The Color Switchable Logo 
One property that makes plasmonic printing particularly interesting for security 
tagging is that anisotropic nanoparticles or nanoparticle clusters allow the spatial 
encoding of complex, wavelength dependent polarization responses that are easily 
detectable. To demonstrate this property, a BU-PHO-NANO logo was assembled 
in which different components provided different resonance wavelength and 
polarization properties (Figure 5.6). The letters “BU” are composed of 90×40 nm 
gold nanorods, “PHO” of 55 nm gold nanospheres dimers, and “NANO” of 30 nm 
silver horizontally aligned dimers and trimers (Figure 5.6). The spacing for all 
pixels is 600 nm. Polarization dependent color switching of all three parts is 
observed when illuminating the logo with whitelight of different polarizations. 
Different components switch between blue and red, red and green, or red and 
green-yellow, verifying the potential of the approach to encode polarization 
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dependent responses across the entire visible range of the electromagnetic 
spectrum. The logo in Figure 5.6 shows some assembly imperfections, but it is 
emphasized that the intricate optical response of this structure with two different 
metals and three different nanoparticle building blocks was achieved through a 
single patterning step, which makes the process overall highly efficient and 
potentially scalable. Optimization of the mask patterning and sharpening the size 
distribution of the nanoparticles can further improve the quality of the 
multichromatic structures. 
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Figure 5.6 Plasmonic Logo. a) Digital camera pictures taken with unpolarized light, 
horizontally polarized and vertically polarized light; b) SEM images of the letter “B”, “H” 
and second “N” in the logo. 
5.3 Color Mixing of Plasmonic Sub-Pixels 
An additional advantage of template guided self-assembly strategies is that they 
facilitate the augmentation of conventional plasmonic pixels by mixing the 
emission of multiple nanoparticle emitters colocalized in the pixel area, which 
allows further freedom and capability in achieving mixed colors as well as non-
spectral colors.  
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The outlined directed self-assembly strategies of defined NP clusters benefit from 
recent advancements in shape- and size-controlled colloidal nanoparticle 
synthesis. Plasmonic nanoparticles of various shapes can be synthesized in large 
scale with narrow size distributions. By appropriate choice of the binding site 
diameters in regards to the nanoparticle sizes, these nanoparticles can then either 
be directed to well-separate binding sites to become an individual pixel or 
assembled in adjacent binding sites within the diffraction limit to “team-up” into 
an additive mixing color pixel. This is demonstrated in Figure 5.7a where arrays of 
binding sites with different diameters were generated on one chip. Three pairs of 
overlapping arrays were created for which the top left array contained the same 
elongated binding sites (120×40nm) for gold nanorods, whereas the bottom right 
array was made up of spherical binding sites. From left to right, the diameter of the 
spherical binding sites was 40, 48 or 55 nm respectively. This chip was then 
incubated with gold nanospheres, gold nanorods and silver nanospheres with the 
same size through the same approach used in Figure 5.3. The rods bound with high 
selectivity on the designated high aspect ratio binding sites while the 40 nm and 55 
nm diameter binding sites are primarily occupied by the silver nanospheres or gold 
nanospheres, respectively (Figure 5.7a). The medium 48 nm binding site contains, 
however, a mixture of blue silver and green gold particles. The change of the 
occupation of the binding sites shifts the color of the bottom array from the blue 
into the green with direct consequences for the visual impression generated in the 
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overlap area with the top array. In the overlap region the separation between the 
different building blocks is below the diffraction limit so that their colors can 
efficiently mix. In essence, the nanoparticles of the two arrays get close enough to 
form new pixels that now comprise multiple nanoparticles (Figure 5.7b). In the 
case of the larger gold spheres (third structure from the left) the mixing of the red 
and green color of the respective building blocks indeed generates an overall 
yellow impression, but the effect is weaker in the overlay region between gold rod 
and silver nanospheres where the “red” color of the gold nanorods dominates. This 
difference is rationalized by the larger scattering cross-section of the rods and can 
be compensated by an excitation spectrum that corrects for the differences in the 
scattering efficiency between the nanoparticles. 
 
Figure 5.7 Color Mixing Between Arrays. a) The overlap of red gold nanorods arrays with 
arrays of spherical particles of silver (left), gold (right) or their mixture (middle); b) SEM of 
the overlapping arrays of gold nanorods and gold nanospheres. 
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The control of colors through mixing is a common design in all modern displays 
where the color of each pixel is usually the mixed result from the blue, green and 
red sub-pixels. By applying RGB color model to the plasmonic nanopixels, a 
broader range of colors including the non-spectral colors such as magenta can be 
achieved by more complex pixel geometries that integrate a broader range of 
nanoparticles and clusters. This is demonstrated in Figure 5.8. Here, one pixel is a 
complex of four building blocks. By systematically changing the contribution from 
blue (silver nanoparticle), green (gold nanoparticle) and red (gold rod) building 
blocks to each pixel, secondary and tertiary colors around the color wheel within 
the visible range of the electromagnetic spectrum were achieved. 
 
Figure 5.8 Color Mixing of Multiple Plasmonic Atoms. Digital camera pictures and SEM of 
complex pixels composed of multiple plasmonic atoms. 
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5.4 Materials and Methods 
Materials. Silver nanospheres and negative charged gold nanorods are purchased 
from Nanopartz Inc. The homemade gold nanospheres have a Z-average diameter 
of 54.6±0.8nm (Dynamic Light Scattering). 
Electron-beam lithography. 950 PMMA A3 (Vendor) are diluted by anisole with a 
ratio of 2:1 PMMA : anisole (v:v) to in order to create thinner PMMA layer. Diluted 
PMMA solution is spin coated onto an 1.2cm×1.2cm ITO glass substrate (Sigma-
Aldrich) with spin speed of 2000krpm for 45 seconds and baked in 170˚C oven for 
20min. The PMMA layer thickness is around 100nm. Thinner PMMA template 
facilitates nanoparticle binding efficiency by decreasing the distance particles need 
to travel before reaching and sticking to the bottom of binding site. EBL is carried 
out by Zeiss SUPRA 40VP SEM equipped with Raith beam blanker and a 
nanopattern generation system (NPGS). Due to the extreme sensitivity toward 
binding sizes of the experiment, dosage ramping for all experiments is suggested. 
The patterned substrates are developed in a solution mixture of 1:3 MIBK : 2-
proponal (v:v) for 70 seconds followed by extensive rinsing in 2-proponal and blow 
dry.  
Directed self-assembly. 5 µL of 2% poly-lysine aqueous solution (w/v) is applied 
directly onto the developed EBL pattern. The ITO-glass substrate with poly-lysine 
solution covering the pattern is placed in a humidified environment for 1 hour. 
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Prolonged incubation with poly-lysine solution should be avoided to prevent 
decreasing adhesion of PMMA layer to ITO surface. After incubation, the substrate 
is washed extensively in water and 2-proponal to remove poly-lysine molecules 
that are unspecifically attached to PMMA top surface and binding site side walls.  
All nanoparticles are passivized by thiol-alkyl-PEG (HS-C11H22-EG6-COOH, 
EG=OCH2CH2) (NANOCS Inc.) through overnight incubation at PEG : NP ratio of 
106:1. All particles are washed at least five times by centrifugation to remove excess 
free PEG molecules and then concentrated to a minimum concentration of 30 nM. 
2 µL of each concentrated nanoparticle solutions are applied onto the pattern 
sequentially following the order from biggest/widest to smallest/narrowest. For 
the experiment in Figure 5.4-Figure 5.8, 55nm gold nanospheres, 90×40nm gold 
nanorods and 30nm silver nanospheres are bound to the EBL patterned 
transparent ITO-glass substrate. In order to increase binding efficiency, colloidal 
solutions on the substrate is blown back and forth across the pattern for 30~50 
times. The capillary force at the air-liquid interface have a downward component 
that push the nanoparticles into the binding site wells thus facilitate the binding 
activities. After the binding the last building block, a low adhesion tape 
(1310TB100-P5D Ultratape Inc.) was gently covered onto the PMMA surface then 
slowly peeled off to remove any nanoparticles that are unspecifically sticking to 
the PMMA top surface.  
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Optical measurement. The ITO-glass substrates are placed onto a water droplet on 
a coverslide with the patter facing downward. The spectrum and digital camera 
pictures are recorded using an Olympus IX71 inverted microscope equipped with 
an imaging spectroscopy detector (Andor Shamrock with Andor Newton EMCCD). 
The samples were illuminated at oblique angles from the substrate unpatterned 
side using an oil-immersion DF condenser (Olympus U-DCW, NA = 1.2 ~ 1.4). A 
xenon lamp (λ = 380-720 nm, Agilent Polychrome 3000) was used as illumination 
source. The light scattered from the sample was collected with a 60× oil objective 
lens. A polarizer was placed after the objective to record polarization dependent 
scattering spectra or images. 
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Chapter 6 FUTURE DIRECTIONS 
 
Despite the significant progresses made in the research field of colloidal plasmonic 
particles, the application of plasmonic atoms and molecules are primarily limited 
to bulk solution applications. The deposition of plasmonic particles onto 
substrates or into two-dimensional crystals can only generate random or simple 
periodic structures. Plasmonic structures created by metal evaporation in top-
down fabrication techniques, on the other hand, are plagued by even more factors: 
i) limited resolution, ii) polycrystalline metal structures, iii) single metal 
composition, iv) limited two dimensional shapes. The sequential directed self-
assembly approach introduced in chapter 4 and 5 is an enabling technique that can 
combine the advantages of colloidal plasmonic particles with the precise 
patterning ability of top-down fabrication. This enables the construction of chip 
based plasmonic devices with colloidal plasmonic particles of various composition, 
size and shape. Their interparticle gaps can also be smartly tuned by changing 
ligand density and buffer conditions.  
In addition, the directed self-assembly approach is not limited to assembly of only 
a single layer of particles. With increased template height, three dimensional 
patterns can also be generated, which has the potential in applications of sensing 
and solar energy harvesting. 
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Currently, the DNA linkers in plasmonic molecule assemblies are mostly limited to 
double helix structures. It is worth to mention here that DNA triplex and 
quadruplex are also potentially useful in the assembly of plasmonic molecules for 
special applications. For example, DNA i-motif,222 a-motif,223 and some DNA 
triplex91 have shown pH sensitivity. They have the potential to assemble pH 
sensitive plasmonic molecules where the peak shift in LSPR could indicate 
environmental pH changes. Combining the directed self-assembly approach, it is 
also possible to assemble pH sensitive nanoparticle clusters, which can be 
repeatedly switched on and off through external pH changes to make smart 
plasmonic devices. 
Study of the DNA initial hybridization kinetics requires monitoring on single 
molecule level for an extended amount of time with high temporal resolution. 
Currently, this topic can only be studied by computational simulations224 because 
the lack of a suitable experimental approach. The plasmon coupling microscopy 
demonstrated in chapter 3 serves an ideal tool for this topic. Due to the 
photostability and brightness of plasmonic nanoparticles, and the fact that 
plasmon rulers can effectively monitor distance changes between five and a few 
tens of nanometers, the DNA hybridization kinetics can be monitored with super 
temporal resolution on super long time scales. The plasmon labeled DNA 
molecules can be incorporated into nanocompartment such as a liposome tethered 
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to a surface to facilitate tracking over extensive amount of time without losing 
them.  
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